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Abstract 
Chemical looping combustion (CLC) is an alternative method of combustion, which enables the 
efficient recovery of heat and process gas whilst also producing a high CO2 concentration product 
gas potentially suitable for carbon capture and storage (CCS). This is a potentially important option 
for greenhouse gas reduction in future hydrocarbon combustion technology. Fundamental to the 
process are oxygen carriers; metal oxides that transfer oxygen from the air reactor to the fuel reactor 
where CO2 and steam are released. The coupled gaseous reduction and oxidation of iron oxides 
hematite (Fe2O3) and magnetite (Fe3O4) has been identified as a promising option for low cost 
oxygen carrier material. The aim of the present study is to understand the microstructural basis of 
key properties of oxygen carrier/metal oxide materials, such as reactivity and strength, and the how 
these may be influenced by the process conditions. This has been performed by studying the 
structural changes taking place in single stage reduction and oxidation of hematite and magnetite 
samples, and examination of cross sections at the reaction interface.  
Investigations have been undertaken using a range of reduction conditions of interest to CLC at 
800-1100°C and CO:CO2 ratios of 0.01:1 to 0.33:1. The samples were reduced for relatively short times, 
commensurate with the residence times in fluidised bed reactors used in the CLC process. 
Examination using optical and scanning electron microscopy techniques have revealed that different 
reaction product morphologies are formed on reduction of hematite depending on the reaction 
temperature and CO:CO2 ratio. These include a porous magnetite and dense platelet or “lath” type 
morphologies. The critical conditions for the formation of these product structures have been 
identified in the present study. Porous magnetite formation is important to the application of CLC 
as the high surface area is associated with high reactivity. The porous magnetite structures are 
shown to form gas pores from instabilities created at the initially dense material through reaction 
with the gas. 
The oxidation of magnetite is illustrated to occur through the formation of dense hematite layers on 
the particle surface. This dense hematite forms through lath type shear transformations or solid 
state diffusion of iron or oxygen through the product layer. 
Cyclic reduction and oxidation experiments have been undertaken to simulate the conditions 
experienced by the hematite oxygen carrier in the CLC process. It has been shown that the initial 
reduction cycle can have a major effect on the subsequent reactivity of the oxide carrier. The 
observations also indicate that the effective life of the hematite oxygen carrier is dependent on 
reduction gas composition, temperature and particle size.  
The present systematic study of reduction and oxidation reactions on natural hematite has revealed a 
number of phenomena previously not reported in the literature and has contributed to more fully 
  
 
 
understanding the changes taking place in these oxygen carriers in the CLC process. The results 
provide a basis for favourably manipulating the properties of solid oxygen carriers to improve 
materials performance in CLC applications.  
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1.1 Chemical-Looping Combustion 
Anthropogenic carbon dioxide (CO2) levels have increased strongly over the past few decades as a 
result of the dependency on fossil fuels (gas, oil and coal) for energy production (Adanez et al., 
2012). Adding to this, whilst progress has been made in the usage of renewable energies, it is 
predicted that if serious changes are not made the energy from fossil sources will still provide 80% 
of the energy demand for the first part of the 21st century (International Energy Agency, 2013). In 
response to these challenges efforts are being made to develop technologies for the capture and 
storage of CO2 (sequestration) to prevent CO2 being released into the atmosphere by these 
hydrocarbon sources. One of the major costs of carbon capture and storage (CCS) is the separation 
of CO2 from N2 in the combustion gases of conventional hydrocarbon process units. Chemical 
looping combustion offers an alternative combustion system for stationary power generation units 
by producing a pure CO2 off-gas stream. Pilot plant performances indicate the potential for 
significant cost savings in CCS through the use of CLC technologies (Lyngfelt, 2014).  
The CLC concept is relatively simple. It is based on the use of a solid oxygen carrier (OC) material 
that provides oxygen for the combustion of the fuel releasing CO2 with steam, i.e. gas-solid 
reduction-oxidation reactions. The CO2 can then be readily extracted in almost pure form by 
condensing the steam. The spent oxygen carrier is then returned to an air reactor to prepare the 
carrier for reuse. The process flow diagram illustrating the CLC process is provided in Figure 1.1. 
In CLC reactions take place in two interconnected fluidized bed air and fuel reactors. In the fuel 
reactor the metal oxide oxygen carrier (OC) releases oxygen and is itself reduced by the hydrocarbon 
fuel releasing carbon dioxide and steam (Reaction 1). The reduced metal oxide is then passed to the 
air reactor where it is oxidized in air back to its initial oxidisation state (Reaction 2). The solid oxide 
carrier is then returned to the fuel reactor completing the oxygen transfer cycle. 
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Figure 1.1 Schematic of the Chemical Looping Combustion (CLC) process. 
The net or overall result from this cycle of reactions is that of a normal combustion reaction 
(Reaction 3). Thermodynamically the oxidation of the carrier in the air reactor will always be 
exothermic but reduction in the fuel reactor can be exothermic or endothermic depending on the 
particular oxygen carrier used.   
Fuel reactor:    (1) 
     (1a) 
      (1b) 
Air reactor:      (2) 
_________________________________________________________________________________ 
Net reaction:         (3) 
  
* 1a and 1b are intermediate reactions.  
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In this process fuel in gaseous form can be flue gas from a power plant, syngas from gasification of 
coal, refinery gas or natural gas. Solid fuel in form of coal or petroleum coke can also be used; the 
advantage here is that it can be directly combusted rather than requiring tonnage oxygen in coal 
gasification for CLC syngas combustion.  
A wide range of potential oxygen carrier materials have been tested, including naturally-occurring 
and synthesised metal oxides. These metal oxides were initially selected based on initially favourable 
thermodynamic properties, systems such as, nickel oxide (NiO)/nickel (Ni), hematite 
(Fe2O3)/magnetite (Fe3O4), and hausmannite (Mn3O4)/ manganosite (MnO) (Adanez et al., 2012). 
In chemical looping combustion (CLC) technology the greenhouse gas, CO2, is inherently separated 
from nitrogen during the combustion process. The concept of CLC has been subject of much 
interest illustrating promise for commercial application and in a relatively short period of time 
moving to 120kW thermal pilot scale of gaseous fuel and operation underway of a 1MW thermal CLC 
plant with coal (Adanez et al., 2012). Importantly, the economic and technical performance that can 
be reached with large scale units will depend on both the reactor design and oxygen carrier 
properties (Lyngfelt, 2014).  
1.2 Oxygen Carrier Materials 
 In order to achieve a high process efficiency, the performance of the oxygen carrier (OC) material is 
critical and for this reason most of the studies to date have focussed on the screening of potential 
OCs (Lyngfelt et al., 2001, Hossain and de Lasa 2008, Dueso et al., 2010, Teyssie et al., 2011). In 
screening a number of parameters are to be considered: OCs must react rapidly with both fuel and 
oxygen, i.e. hematite must be easily reduced with fuel and its reduced form, magnetite, must also be 
readily oxidized in air; the carrier system must be able to achieve high conversion of the 
hydrocarbon fuel to CO2 and H2O (ideally 100%); and have melting temperatures well above the CLC 
operating temperature. Furthermore, since the reactions are undertaken in fluid bed reactors and the 
OCs are transported between these reactors through pipes and gas/solid cyclones, the OC must be 
able to withstand physical damage over a large number of cycles (the particles should possess high 
resistance to fragmentation and abrasion breakdown) and be able to maintain bed fluidity (low 
tendency for agglomeration) (Lyngfelt et al., 2001, Hossain and de Lasa, 2008). It is also important 
for the OC to have low toxicity and be of low environmental impact. To be cost competitive with 
other CO2 separation technologies the costs associated with use of the oxygen carriers must be low.  
The relationship between carrier properties and overall cost to the process is not straightforward. 
The interplay of conversion rate (or reactivity), gas yield and conversion difference all depend on the 
properties of the oxygen carrier and impact many design parameters. These relationships are 
illustrated in Figure 1.2.   
  
5 
 
 
Figure 1.2 Relations between oxygen carrier reactivity and design input data (Lyngfelt et al., 2001).  
 
In this CLC process, the bed mass in the fluidized bed is inversely proportional to the reaction rate 
of reduction of the oxygen carrier. If the rate of reduction is high then the required bed mass will be 
low and therefore, without considering particle life and value, the costs associated with the oxygen 
carrier are reduced. Similarly, a higher gas yield will require less gas recirculation. However, it can be 
noted that for reduction reactions where the oxygen carrier reduction reaction is highly endothermic 
a higher recirculation rate can be desirable to distribute heat and maintain chemical reaction rates.  
Another important consideration is the gas yield of the fuel. Complete or near combustion must be 
achieved as recirculating or burning off unconverted fuel should be avoided. 
  
To determine suitable OC materials most studies have only measured reactivity and strength over 
successive reduction/oxidation cycles. A wide range of OC materials have been screened in this way 
– generally using different compositions of active metal oxide supported by an inert material for 
increased strength and reactivity. In a review by Adanez et al., (2012) of more than 700 different 
materials tested common variations included CuO, Fe2O3, NiO, Mn3O4 and CoO synthesised with 
Al2O3, MgAl2O4, bentonite and sepiolite (Adanez et al., 2012). Fewer studies were reported on pure 
oxides as earlier work found that they degenerated too fast or had low reactivity (Hossain and De 
Lasa, 2008). Inert materials have been used to increase the porosity and strength of the particles, 
and to provide a higher surface area for reaction. However, there have not been extensive studies on 
the mechanisms of reduction and how these might influence these properties.  
Furthermore, synthesised oxygen carriers may not even be practical at an industrial scale as they 
may be too expensive to produce, which is especially the case for solid fuel applications that require 
much cheaper alternatives due to higher OC consumption rates. Ash in solid fuel can deactivate 
particles or cause loss when physically separated (Leion et al., 2008). For this reason there is 
  
6 
 
renewed interest in this use of lower-cost, naturally-occurring metal oxides or waste streams. Lower 
cost options investigated include the utilisation of the active specie Fe2O3 found in iron ore and steel 
by-products, or coupled with manganese ores (Mn3O4.Fe2O3) (Leion et al., 2009, Leion et al., 2011, 
Fossdal et al., 2011). Other potential OCs studied include ilmenite (FeTiO3) and FeMn and SiMn type 
slags (Adanaz et al., 2010, Abad et al., 2011, Mendiara et al., 2012).  
The conditions chosen for experiments have also varied considerably as a wide range of applications 
may be used for the CLC process, for example, replicating conditions experienced using flue gas 
from a boiler will be different to replicating coal gasification. Consequently, a wide range of gas 
mixtures containing CH4, CO, and H2 reactor fuels have been studied. In addition, reaction 
temperatures from as low as 200°C and up to 1000°C have been examined, though most studies used 
temperatures in the 600°C+ range, which would be the minimum temperature for CLC to be 
considered as thermally efficient. Figure 1.3 demonstrates the effect of gas turbine inlet temperature 
on the thermodynamic efficiency of power generation the Rankine cycle and the Gas Turbine 
Combined Brayton-Rankine Cycle for steam plants and gas turbines (IEA, 1977). 
 
Figure 1.3. Effect of gas turbine inlet temperature on the efficiency of high efficiency power coal fired 
power generating cycles (IEA, 1997). PCC is pulverised coal combustion; PFBC is the pressurized 
fluidized bed combustor and IGCC is the integrated gasification combined cycle. 
 
To determine the reactivity of materials and the apparent reaction kinetics previous investigations 
have generally used classical experimental techniques (e.g. gravimetric, exit-gas analysis). Generally, 
an approach of measuring the overall rate by gas conversion has been used to determine the particle 
conversion rate (Mattison et al., 2000). Different kinetic micro-models have been used to describe 
the experimental data – these include the grain model, shrinking core model, and the nucleation and 
nuclei growth model. However, using classical kinetic techniques may not provide a true 
understanding of the kinetics and mechanisms. Firstly, simply the experimental error from thermo-
gravimetric techniques may be higher than the difference between each model, particularly if the 
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OCs consists of a range of particle sizes. Secondly, taking an approach of measuring the overall rate 
neglects the influence of different elementary chemical reaction and mass transport sub-processes 
occurring, meaning the data obtained may only fit to the particular experimental conditions. 
Additionally, the review by Dueso (2012) found that few studies had considered the effect of gas 
concentration or temperature, dealt with intermediate gaseous products, such as, CO and H2, or 
represented conditions of CLC considering variation of gas concentration and reaction temperature.   
 
1.3 Aim of the Present Study 
The aim of the present study is to address the poorly understood behaviour of oxygen carriers in 
chemical looping combustion by taking a more fundamental approach to the characterisation of the 
microstructural changes occurring in the materials. The fundamental mechanisms and kinetics of 
oxidation and reduction of hematite and magnetite iron oxides will be investigated at the 
temperatures and gas mixtures applicable to CLC processes.  
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2.1 Crystal Structures and Phase Equilibria 
A summary of the crystal structures of iron oxides hematite, maghemite and magnetite is presented 
in Table 2.1.  
Table 2.1 Structural and physical properties of iron oxides (Monsen, 1992).  
Oxide Chemical Formula Structure 
Density    
(g/cm2)a 
Iron content 
(wt %) 
Hematite α-Fe2O3 rhombohedral 5.24 70.0 
Maghemite β- Fe2O3 cubic, spinel 5.24 70.0 
Magnetite Fe3O4 cubic, inverse spinel 5.18 72.4 
Wustite FeO cubic 5.70 79.0 
 
2.1.1  Hematite (Fe2O3) 
Hematite has the corundum (α-Al2O3) rhombohedral structure is more easily described as  a 
hexagonal close packed (hcp) oxygen lattice with a = 0.5034 nm and c = 1.3752 nm that contains six 
formula units per unit cell (Cornell and Schwertmann, 2006). The structure is made of hcp arrays of 
oxygen ions stacked along the [001] direction. The oxygen arrangement on the hematite (001) plane 
corresponds that of the (111) plane in magnetite.  
Fe2O3 is close to stoichiometric but slightly oxygen deficient. Cations fill up two thirds of the 
interstitial octahedral sites, Fe3+ being in a regular arrangement with two filled sites followed by one 
vacant site in the (001) plane to forms pairs of Fe (O) 6 octahedra (Cornell and Schwertmann, 2006). 
 
 
 
 
 
 
 
 
Figure 2.1 - Ball and stick model of hematite (Heizmann, 1967) 
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2.1.2 Magnetite (Fe3O4) 
Magnetite crystallizes in a face-centred cubic oxygen lattice of the AB2O4 inverse spinel type with 32 
oxygen atoms and 24 iron atoms arranged in interstitial tetrahedral and octahedral sites (Figure 2.2). 
Of the interstitial sites 8 out of 64 tetrahedral are occupied by Fe3+ and 16 out of 32 octahedral sites 
are occupied by Fe2+ and Fe3+ (in equal parts) (Nakamura et al., 1978). Remaining sites are cation 
vacancies. Such structure can be represented as (Fe3+) [Fe3+Fe2+] O4 and is presented schematically in 
Figure 2.2.   
 
Figure 2.2 Unit cell of magnetite (Heizmann, 1967) 
 
As magnetite is face centred cubic it is highly symmetrical and its crystal orientations may be viewed 
as a single cubic standard triangle with faces of [100], [110] and [111],. This rotational symmetry is 
illustrated schematically in the proceeding page in Figure 2.3 for four-fold, two-fold and three-fold. 
Atoms for oxygen 
Atoms for octahedron 
Atoms for tetrahedron 
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Figure 2.3 – Rotational symmetry of FCC at four-fold, two-fold and three-fold in the [100], [110] and 
[111] directions.  
In magnetite Fe2+ may be substituted by Mg2+ and Mn2+, and Fe3+ may be substituted by Al3+, Cr3+, 
Mn3+ and Ti4+ (Klein and Dutrow, 2008). At temperature above 600°C complete solid solution can be 
formed with ulvospinel (Fe2TiO4) and as a result large ore bodies of magnetite can be highly 
titaniferous.  
Dependent on temperature and oxygen pressure magnetite can be non-stoichiometric. As a metal 
deficient oxide (Darken and Gurry, 1946; Smiltens, 1957), expressed as Fe3-δO4, compensation 
between ions is proposed according to equation (2.1) where negative charges created by cation 
vacancies are reciprocated by conversion of Fe2+ ions into Fe3+. 
2Fe2+ + 1/2 O2      →    2Fe
3+ + 3/4Vc + O
2-
L                                        (2.1) 
where:  
Vc = vacancy on cation lattice site (A or B site) 
OL
2- = oxide ion on anion sub lattice site.  
Consequently, provided that the non-stoichiometry of magnetite (δ) should be proportional to cation 
vacancy, δ can be seen as proportional to PO2
2/δ; this has however only been reported in a very small 
δ range and reduces to about PO2
2/δ(Darken and Gurry, 1946; Smiltens, 1957). Further studies on 
oxygen partial pressure have found that at lower oxygen potentials defects are created by excess iron 
interstitial ions (Dieckmann and Schmalzried, 1977; Dieckmann, 1982). At higher oxygen potentials 
there is also a deviation from stoichiometry, which occurs as an increase in the number of vacant 
octahedron interstices.  
 
 
[100] face 
 
[110] face 
 
[111] face 
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2.1.3 Maghemite γ- Fe2O3 
Maghemite has the same crystal structure as magnetite except that all Fe is in the trivalent state 
(Cornell and Schwertmann, 2006). It has a cubic unit cell with a = 0.834 nm. Each cell contains 32 
O ions, 21 1/3 Fe3+ ions and 2 1/3 vacancies. Vacancies exist only in the octahedral sites and the 
cations are distributed randomly in the 8 tetrahedral and 16 octahedral sites (Cornell and 
Schwertmann, 2006). 
2.1.4 Oriented Phase Transformations Between Magnetite and Hematite 
the orientation relationships between magnetite and hematite are related by their close packed 
oxygen plane (contact plane) in respective fcc and hcp structures, which is very stable as a result of 
very similar atomic arrangement and spacing. In Fe3O4 the structure can be considered as layers of 
close-packed oxygen ions in positions XYZXYZX…In the Fe2O3 the close-packed oxygens form layers in 
the XYXYX.. pattern. 
The preferred orientations were first observed by Mugge (1911) and Gruner (1926) using optical 
microscopy on polished sections. Grains of magnetite parallel to the (111) plane were easily observable 
as a network of equilateral triangles as illustrated in Figure 2.4 (Modaressi et al., 1988) (refer to 
Table 2.2 for summary of orientations).  
 
 
 
 
 
 
 
 
Figure 2.4. Typical orientation (A and A’) of magnetite crystals formed on (0001) hematite surface reduced at 
800°C, (Modaressi et al., 1988.) 
 
Later, Keeling and Wick (1963) proposed that oxygen layers that were maintained in orientation A 
reflecting a topochemical reaction could also be distorted in new orientations parallel to directions 
[100], [010] and [110] in hematite. These new orientations coexisted with orientation A and Keeling 
and Wick (1963) they argued that this double orientation could be a mechanism for grain 
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refinement since crystallites growing in different directions could be “mutually terminated” as they 
encountered crystal orientations that were structurally incompatible with their further growth. 
 
 
 
Figure 2.5. (a) Schematic of the face-centred cubic crystal structure of magnetite and hexagonal close packed 
structure of hematite (Ruoff, 1972); (b) orientation relationship between hematite and magnetite (Heizmann, 
1991).  
 
A 
B 
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This “double orientation” observed by Keeling and Wick (1963) in mineral specimens was also found 
using X-ray texture goniometry (Heizmann et al., 1981) on the (00.1) hematite facet reduced at 
1000°C and 5%CO in a CO-CO2 gas mixtures. The orientation relationships between the two sets of 
crystallites A and A’ are illustrated in Figure 2.5.  
In subsequent studies using texture goniometry (Modaressi and Heizmann, 1988, 1991)  the effect of 
depth of the reduced layer on the orientation was investigated. Several orientations were identified 
in a 450µm magnetite layer formed on a single hematite crystal reduced by 10%CO in a CO-CO2 gas 
mixture at 950°C. By analysing successive polished layers changes in orientation at intervals of 20µm 
thickness between 20 and  100µm thickness from the interface. Moderessi and Heizmann (1988, 1991) 
theorised that the change in crystal orientation occurred as the magnetite layer grew and could no 
longer absorb the misfit strain between (0001)H and (111)M lattice planes. As a result, several 
orientations on the surface developed. This stress field in the magnetite, which has been later 
observed by Swann and Tighe (1972, 1977) could also explain the formation of cracks at lower 
temperatures or in some way the development of porous tunnels.  
Further investigations were performed in the 1970’s and 1980’s with the aim of establishing 
dependency of orientation with reaction conditions and depth inside reduced layer. Major 
contributors were Bursill and Withers (1979, 1980) and Heizmann et al., (1973, 1977, 1981, 1988, 
1991). 
A summary of the results obtained from these various studies is provided in Table 2.2.  
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Table 2.2 Observed orientation relationships between hematite-magnetite in nature and on reduction 
at high temperature. 
Reference Orie
n-
tatio
n 
Relationship T, °C Gas 
composition 
Surface/ 
Magnetite 
Layer 
Depth 
Technique/
s 
       
Mugge (1911); Gruner 
(1929); Blackman and 
Kaye (1960); Keeling 
and Wick (1963); 
Withers and Bursill 
(1979, 1980) 
A (111)M//(0001)H ;    
10] M //[10.0] H 
300-
800 
Not known. surface Optical 
microscopy, 
Electron 
diffraction, 
X-Ray 
diffraction 
Swann and Tighe 
(1972) 
 
 10] M //[011] H 400 Not known.  surface X-Ray 
diffraction 
Keeling and Wick 
(1963); Heizmann 
(1973) 
B (112) M //(0001) H ;  
10] M //[10.0] H 
OR 
11] M //[010] 
300-
800 
30%CO in 
CO-CO2 
(Keeling and 
Wick) 
 
surface  
12-15µm 
layer 
(Keeling 
and Wick) 
Electron 
microscopy, 
X-Ray 
Goniometry 
Becker, Heizmann and 
Baro (1977) 
 
C (113) M //(0001) H ;  
10] M //[10.0] H 
300-
400 
N/A  surface X-Ray 
Goniometry 
Becker, Heizmann and 
Baro (1977) 
 
D (115) M //(0001) H ;   
10] M //[10.0] H 
300-
400 
N/A surface X-Ray 
Goniometry 
Modaressi, Abdouni 
and Heizmann (1988) 
M (556) M //(0001) H ;   
10] M //[10.0] H 
720 10% CO in 
CO-CO2 
100 µm X-Ray 
Goniometry 
El Abdouni, Modaressi 
and Heizmann (1988) 
N (9710) M //(0001) H ; 
107] M //[10.0] H 
650 10% CO in 
CO-CO2 
surface X-Ray 
Goniometry 
Modaressi, El Abdouni 
and Heizmann (1988) 
I (014) M //(0001) H ;     
64] M //[10.0] H 
750 10% CO in 
CO-CO2 
Close to 
surface                                                             
X-Ray 
Goniometry
Modaressi, El Abdouni 
and Heizmann (1988) 
J (014) M //(0001) H ;   
1] M //[10.0] H 
800 10% CO in 
CO-CO2 
50 X-Ray 
Goniometry 
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Another point of consideration is the mechanisms by which these types of oriented and epitaxial 
growth relationships occur. Bernal et al., (1957) suggested the nature of transformation in oxides and 
hydroxides with two crystalline systems α and γ occurred by an orderly shifting and restacking of 
the structures already existing in the oxide/hydroxide. Bernal (1957) found this sequence appeared to 
occur in a number of systems, such as, in the transformation of leciprodite γ-FeO(OH) to 
maghemite and hematite (Figure 2.6), as well as the intergrowth in mineral specimens, such as, in 
magnetite and ilmenite (FeTiO3).  
This type of mechanism involves the movement of dislocation glides that provide way to stacking 
faults and twinning, which are also found to be important characteristics in the reduction of 
hematite to magnetite (Swann and Tighe, 1977). 
 
Figure 2.6 - Schematic of maghemite formed inside of leciprodite and hematite growing on 
maghemite, according to Bernal et al., 1957. Hematite crystals grew with their [00.1] axes parallel to 
10] directions of the maghemite. Transformation from maghemite to hematite would therefore 
requires simple restacking of the hexagonal close-packed oxygen atoms in the {111} faces of 
maghemite.  
This mechanism also fits with the hypothesis proposed by Hayes and Grieveson (1981) that 
transformation of hematite to magnetite has an intermediate metastable maghemite phase. In line 
with Bernal’s view, Hayes explained his finding of a <120>- Fe2O3 orientation could occur by shear 
transformation from α-Fe2O3 to γ-Fe2O3. Hematite with closed packed planes of oxygen in ABABA… 
upon a cooperative shear of every two closed packed planes in the direction <120>- Fe2O3 would 
provide rise to a magnetite stacking sequence of ABCABC. Subsequently magnetite could be formed 
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from maghemite by only minor adjustments in atom positions to fcc, thus following what Bernal et 
al (1957) considered as an orderly and minimum arrangement of the structure already existing in 
hematite.  
The kinetics of reduction and oxidation cycles in terms of orientation relationships was also studied 
by Heizmann et al., (1981) who found due to a disordering effect of the crystallographic orientations 
the number cycles escalated the reaction rate of a single hematite. In this study, orientations in 
reduction and oxidation were investigated using texture goniometry and thermogravimetry on an 
(0001) face of hematite crystal. Reduction was performed at the conditions of 5%CO-95%CO2 and a 
gas flowrate of 830 ml/min at 1000°C, and oxidation occurred in pure oxygen at the same flowrate 
and temperature. The size of the original crystal was not specified. The distortion was determined as 
specific orientations deviating from ideal in the initial cycle with further deviations indicating an 
increase in the number of crystal defects caused by differences in the lattice parameters of the 
oxygen ions. From this Heizmann et al., (1981) provided some explanation as to why reactivities of 
hematite–based oxygen carriers increase with the number of cycles but degenerate structurally. They 
also argued that by this mechanism the path for diffusion was short-circuited and as a result the 
majority of the reaction extent proceeded by reaction rate control. Such an effect was said to be 
significant as the critical thickness where kinetics transitioned from reaction rate control to diffusion 
control increased with each cycle of the five tested.  However, the conditions under which these tests 
were undertaken are unknown and the critical thickness was merely as estimation based on 
thermogravimetric changes.  
Another interesting relationship also emerged from the multiple cycle tests was the reversibility of 
the orientation relationship. This could be attributed to the stability of the oxygen lattice. Such 
reversibility is presented schematically in Figure 2.7.   
 
Figure 2.7 Reversibility of crystallographic orientation of hematite-magnetite reduction-oxidation, 
according to Heizmann et al., 1981 
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2.2 General Reactions 
2.2.1 Oxygen Potential of Reducing Gas Mixture 
In the fuel reactor the hydrogen reacts with the oxygen from the OCs to form steam in the gas 
mixture as described by the reaction equation  2.2.  
2H2 (g) + O2 (g) = 2H2O(g) ΔG°r = -494,784 + 111.698 T J/g mol O2 (2.2) 
(calculated using values from CRC handbook of Chemistry and Physics, 2014) 
The equilibrium constant at a provided temperature  is thus expressed as a ratio of the partial 
pressures of steam and hydrogen gas, and the inverse of oxygen partial pressure (equation 2.3).  
Keq = (PH2O/PH2)
2 . 1/PO2              (2.3) 
The effective oxygen pressure (PO2) at any temperature can then be determined from the ratio of 
pressures of steam and hydrogen.  
Similarly the carbon monoxide reacts with the oxygen from the OCs to form carbon dioxide gas as 
described by the reaction equation  2.4. 
2CO (g) +  O2 (g) = 2CO2 (g) ΔG°r = -281,885 + 85.678 T J/g mol O2 (2.4) 
(calculated using values from CRC handbook of Chemistry and Physics, 2014) 
The equilibrium constant at a provided temperature  is expressed as a ratio of the partial pressures 
of carbon dioxide to carbon monoxide gas, and the inverse of the oxygen partial pressure (equation 
2.5).  
Keq = (PCO2/PCO)
2 . 1/PO2             (2.5) 
The effective oxygen pressure (PO2) at any temperature can then be determined from the ratio of the 
partial pressures of carbon dioxide and carbon monoxide. 
2.2.2. Reduction and Oxidation of Hematite and Magnetite 
The reduction of hematite to magnetite in reducing gas mixtures either occurs with CO or H2. 
Reduction by CO is expressed in equation 2.6.  
3Fe2O3 (s) + CO (g) = 2Fe3O4 (s) + CO2 (g) ΔG°r   = -43,056 - 52.917 T J/g mol     (2.6) 
(calculated using values from CRC Handbook of Chemistry and Physics, 2014) 
The oxidation of magnetite to hematite occurs with oxygen, expressed in equation 2.7.  
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2Fe3O4 (s) + 0.5O2 (g) = 3Fe2O3 (s) ΔG°r    = 235,800 - 1333  T J/g mol  (2.7) 
(calculated using values from CRC Handbook of Chemistry and Physics, 2014) 
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2.3 Oxygen Partial Pressure of the Reactive Gas  
The oxygen partial pressure as a function of temperature and CO/CO2 ratio for a total pressure of 
1atm is presented in Figure 2.8; also included is an indication of the range of gas conditions and 
temperatures of interest to CLC processing and used in the present study.  
 
Figure 2.8. Oxygen partial pressure (atm) as a function of temperature and CO2/CO ratios at a total 
pressure of 1atm. The shaded area below the dashed cross curve represent metastable conditions, at 
equilibrium carbon solid deposition would take place.   Muan and Osborn (1965).  
Range of 
conditions 
tested for this 
present study. 
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2.4 Phase Equilibria  
The established equilibrium conditions for iron oxides as a function of temperature and oxygen 
partial pressure are presented in Figure 2.9. 
 
 
Figure 2.9. The equilibrium stability relations of the iron oxides in the Fe-O system as a function of 
temperature and oxygen partial pressure (Muan and Osborn, 1965). 
As can be seen, magnetite and hematite exist in the regions of higher oxygen potentials at the 
temperatures of interest between 800-1200°C. Also important to note is that maghemite is not 
present this diagram because it is a metastable phase.  
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Another view of the stability regions for magnetite and hematite is displayed in Figure 2.10 as a 
function of the CO2/CO ratio in the gas mixtures. 
 
Figure 2.10. The equilibrium stability relations of iron oxides in the Fe-O system as a function of 
temperature and CO2/CO ratios with Ptot = 1 atm (Muan and Osborn, 1965).  
 
Specifically, for the phase equilibria of Fe3O4/Fe2O3, reliable experimental work was performed by 
Bryant and Smeltzer (1969) who determined that: 
Log PO2 = 26,196/T + 15.124;   for       1060 < T < 1323 K          [Fe3O4/Fe2O3]               
(2.8) 
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Regions of the stoichiometric stability of the iron oxide phases with respect to temperature are 
illustrated in Figure 2.11. In this figure it is clear that the region of stoichiometric magnetite is very 
narrow below 900oC and pure hematite is even closer to stoichiometric Fe2O3.  
 
Figure 2.11 Phase relations in the system FeO-Fe2O3 as a function of temperature and weight percent 
FeO-Fe2O3. Boundary curves representation the transition between stable phases is represented by 
the solid lines. Oxygen isobars (atm.) are represented by the dashed lines. Heavy dashed phase 
boundaries at high temperatures  represent approximations for the hematite liquidus and solidus 
regions (Muan and Osborn, 1965).       
From Figures 2.9-11 it can be established that for the reduction of hematite: 
1. At 800°C the minimum PO2 to form magnetite and wustite is 10
-17.5 (25%CO). Therefore if 
there is a lower under saturation of oxygen (lower %CO than this value) it will be in the 
magnetite and hematite stable range. 
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2. At 900°C the minimum PO2 to form magnetite and wustite is approximately 10
-15 (25%CO). 
Therefore if there is a lower under saturation of oxygen it will be in the magnetite and 
hematite stable range. 
3. At 1000°C the minimum PO2 to form magnetite and wustite is approximately 10
-13 (20-
25%CO). Therefore if there is a lower under saturation of oxygen it will be in the magnetite 
and hematite stable range. 
4. At 1100°C the minimum PO2 to form magnetite and wustite is 10
-11.5 (25%CO). Therefore if 
there is a lower under saturation of oxygen it will be in the magnetite and hematite stable 
range.  
In addition, from Figure 2.9 it can be established that in the oxidation of magnetite in air, the 
products will be hematite. 
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2.5 Transformation of Hematite to Magnetite 
2.5.1 Introduction 
The transformation of hematite to magnetite is the first step in the reduction of iron ores and is of 
great industrial and metallurgical importance. The role of this reaction is often overlooked in early 
studies but became more prominent when Edstrom (1953) found the reaction from hematite to 
magnetite increased the kinetics of reduction from iron oxide to metallic iron. Studies then began to 
focus on this particular transformation but were often difficult to interpret because of the use of 
different sample types and lack of control of experimental variables. Sample types varied from ore 
particles, pellets and dense plates but some work was also undertaken using natural or synthetic 
single crystals. Experimental variables varied widely in temperature from 400°C to 1100°C and use of 
pure or mixed reducing gas of CO-CO2 or H2. Kinetics were often studied thermograviametrically on 
partially or fully reduced samples, which were examined either by optical microscope or SEM 
technique for surface and cross sectional features. Some in-situ studies were also carried out using 
the hot stage optical microscope.  
Importantly two very distinct types of reaction morphologies have been identified: dense lath 
magnetite, which forms inside the hematite matrix on specific crystal planes and growing in specific 
orientations, and (topotaxial) magnetite which appears as a planar growth front . There has, 
however, been large disagreement between studies on the formation conditions of lath magnetite 
and coherent porous magnetite.  
2.5.2 Review of Previous Studies  
Building on Wiberg’s (1940, 1948) work on the microstructures of partially reduced magnetite 
crystals, the study by Edstrom (1953) became foundational to the understanding of iron ore 
reduction and development of reliable experimental techniques. This study explained the difference 
in reducibility of hematite and magnetite, and demonstrated the relations between microstructure 
and reduction rates, and associated volume changes by microscopic and X-ray crystallographic 
methods. 
To assist in the correct interpretation of microstructural changes suitably dense crystal structures 
were chosen to distinguish between the original crystal structure and reduction product structure. In 
addition, sample preparation techniques were found to be critical. Polishing was difficult due to 
differences between original hematite and magnetite phases that were hard and brittle, and 
reduction products that were very soft, malleable and porous. The reduction products structure was 
prepared for metallographic examination by hardening with a Bakelite solution filled into the pores 
and baked. This retained the sample structure and improved upon previous studies that had 
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polished samples containing features that were difficult to distinguish between reduction porosity, 
grinding artefacts and original porosity (Edstrom, 1953). 
The process conditions tested by Edstrom were mostly limited to pure CO or H2 reducing gas with 
varying temperature between 800°C to 1100°C. The hematite and magnetite crystals were ground to 
regular 4mm surface cubic shaped specimens and reduced in a quartz tube heated in an electric 
furnace. Gas boundary layer resistance was accounted for by measuring the gas velocity and 
reduction extent after 10 minutes and determining the minimum gas velocity required. Little change 
in the reduction rate was found once a threshold of 5cm/s was reached (Figure 2.12). Edstrom 
concluded that a rate of 12cm/s was sufficient to eliminate gas phase mass transfer as the rate 
limiting process step.  
 
Figure 2.12. Effect of linear gas velocity on extent of reduction of hematite with CO at 1000°C 
(Edstrom. 1953). 
 
Heating and cooling of the specimens was performed using a pure N2 stream to avoid further 
chemical reaction with the gas phase in these stages. Heating up was also done relatively slowly to 
avoid cracking the hematite crystals. Good reproducibility was found in the hematite crystal 
experiments, though the magnetite crystals growth rates were found to be very sensitive to features, 
such as, cracks and grain boundaries that were hard to control leading to less consistent results. To 
reveal the details of the microstructures, samples were polished and etched and the cross section 
was observed in an optical microscope, and the phases were confirmed using X-ray powder 
diffraction studies.  
Through these techniques, hematite crystals were found to reduce at substantially shorter times than 
magnetite due to the earlier and more extensive formation of pores in the reduction products, which 
accelerated the continuing reduction to metallic iron. Reducing the crystals to relatively same 
extents, marked differences in their microstructures could be observed. Figure 2.13 displays an 
optical micrograph illustrating of magnetite crystal reduced for 94 minutes in pure CO gas at 
1000oC, whereas Figure 2.14 represents hematite reduced after 6 minutes for approximately the same 
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extent of reaction. The phases present in Figure 2.13 are an unreduced Fe3O4 core enclosed by a 
thick band of dense wustite, with precipitates of magnetite closer to the sample core. In the outer 
layer close to the surface of the crystal in the top right hand corner is the beginning of metallic iron. 
The phases present in Figure 2.14 are an unreduced Fe2O3 core, thin dense Fe3O4 layer, and relatively 
thick dense FeO layer with Fe3O4 precipitate, and mostly covering the sample is an outer porous FeO 
layer with some metallic iron lining the pores on the outer of the sample. This illustrates perfectly 
the importance of a porous structure attributing to vastly faster reaction times allowing gas to have 
direct contact to the reaction interface. At longer times the structural differences are further 
amplified in the metallic iron structure as seen in Figure 2.15 and Figure 2.16. At lower temperatures 
the original hematite crystal is transformed to wustite with fine pores and extensive cracking of the 
product was also observed, as can be seen in Figure 2.17.  It was argued that this low temperature 
structure was responsible for the physical breakdown of the iron ores in the blast furnace. It is also 
to be noted that less difference in reducibility was found when H2 was used as a reducing agent due 
to the finer pore sizes formed, which reduced the diffusion distance and effectively increased the 
rate of the reaction.  
 
Importantly, this study demonstrated that even when isothermal reduction of hematite was 
undertaken using gas mixtures that form magnetite, for example at 11% CO, in CO-CO2, 1000°C, 
topotaxial magnetite structure was formed and provided the first evidence for the formation of a 
porous magnetite structure. Though not pointed out by Edstrom, this was a particularly important 
observation that demonstrated the influence of a highly reducing gas composition on the product 
structure. 
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Fig. 2.13. Magnetite crystal illustrating magnetite, wustite and metallic iron: 1000°C, pure CO, 94 
min., etched (Edstrom, 1953). 
 
 
Fig. 2.14. Hematite crystal illustrating hematite, magnetite, dense wustite, and porous wustite and 
metallic lined on outer section: 1000°C, pure CO, 6 min., etched (Edstrom, 1953).  
 
 
 
X 55 
X 50 X 600 
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Fig 2.15. Magnetite crystal illustrating wustite and metallic iron: 1000°C, pure CO, 140 min., etched 
(Edstrom, 1953).   
 
 
 
Fig 2.16. Hematite crystal illustrating wustite and metallic iron: 1000°C, pure CO, 10 min., unetched 
(Edstrom, 1953). 
 
 
X 240 
X 240 
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Fig. 2.17. Hematite crystal showing hematite, magnetite, wustite and metallic iron: 800°C, pure CO, 30 min., 
etched (Edstrom, 1953).  
 
 
Fig. 2.18. Hematite crystal showing porous magnetite: 1000°C., 89% CO2 + 11% CO, 360min., unetched x200 
(Edstrom, 1953) 
 
 
X 240 
X 150 
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Another important finding was the effect of partially oxidizing a magnetite crystal to hematite. By 
oxidizing magnetite crystals to hematite and then reducing them similar characteristics to the 
original hematite crystal were obtained demonstrating the reversibility of this reaction. These effects 
are presented in Figure 2.19.  
 
Figure 2.19. Reduction and oxidation curves; (a) reduction of hematite with pure CO at 1000°C; (b) 
magnetite reduced in same conditions as (a); (c) magnetite oxidized to 82% hematite; (d) magnetite 
oxidized to 67% hematite (Edstrom, 1953).  
The next significant contribution was provided by Brill-Edwards and Samuel (1965) who investigated 
structural changes associated with the reduction from hematite to magnetite, and from hematite to 
iron. In this study, structural changes were considered as a result of the reduction rate and the 
reduction temperature. Polycrystalline dense samples of relatively pure hematite (98.5%) were 
reduced in a horizontal tube furnace with a relatively large amount of sample (3.0g) and high gas 
flow (3l/min) of a mixture of hydrogen, steam and argon. The conditions were defined in terms of 
“rapid” rate versus “slow” rate and were maintained constant at different temperatures. No specific 
figures were provided of the gas composition used at each different temperature for the different 
“rates”; only that slow rate was defined as 3.0g of sample completely reduced in 6 hours. Findings 
indicated that at 1000°C rapid reduction rates would lead to macroscopic porosity closer to the free 
grain surface, while at slow reduction rates no porosity was evident. The temperature was also found 
to influence the type of pores formed, being microscopic and columnar at lower temperatures (less 
than 700°C) and transitioning to oriented elongated pores at intermediate temperatures (700°C to 
900°C). At the highest temperature tested at 1100°C no porosity was formed, even at the maximum 
chemical reaction rate possible. This was attributed to a vacancy coagulation model in which the 
pores are thought to develop from atomic rearrangement of the interface and condensing on 
favourable sites in the lattice. In the case of Fe2O3/Fe3O4 the interface was postulated to be 
favourable for a high defect concentration zone to form; microstructures obtained are illustrated in 
Figure 2.20.  
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Figure 2.20. Optical micrograph illustrating hematite partially reduced to magnetite in H2/H2O/Ar gas 
at 700°C (Brill-Edwards and Samuel, 1965) 
In this model conditions for porous growth would require the vacancy rate generated by reduction 
to be faster than the rate diffused out of the grain; of which fast chemical reaction rates would be 
favourable to this condition. In the case of reaction rates that could produce porous magnetite at 
temperatures below 1000°C but were not enough to form microscopic-porosity at 1000°C; this was 
attributed to an increase in the diffusion rate at higher temperatures. The greater rate of diffusion of 
species away to the free grain surface would occur in order to not saturate the lattice; and hence 
lead to the formation of macroscopic pores closer to the surface as illustrated in Figure 2.21. 
However, in the conditions tested at 1100°C and at the maximum reaction rate the product 
morphology was dense. This was attributed to the further departure from Fe3O4 stoichiometric 
composition, which would provide greater accommodation and a faster diffusion rate of vacancies in 
the lattice. 
X 4800 
  
33 
 
 
Figure 2.21. Optical micrographs illustrating hematite partially reduced to magnetite in H2/H2O/Ar 
gas at 1000°C (Brill-Edwards and Samuel, 1965)  
Provided these considerations, this study highlighted the complex interplay of elementary processes 
and crystal structural aspects by explaining structural changes in terms of the prevailing competition 
between diffusion versus chemical reaction rate, and the stoichiometric composition. 
The specific transformation of hematite to magnetite was then further investigated by Bradshaw and 
Matyas (1967,1976) by limiting test conditions to the magnetite phase field and using Lake Carol 
pellets. Importantly, they found the formation for porous, mixed, and lath structures occurred in the 
transformation of hematite to magnetite depending on the reaction conditions. Conditions tested 
varied from 500°C to 1100°C in CO partial pressure of 0.063 atm to 0.50 atm mixed with CO2 gas at 
total pressures of 0.1-1 atm.  The pellets were relatively pure at 93.2% hematite and the remainder 
principally silica, and ground to size 45-63µm. Reduction tests were performed in thin layers of 
powder on platinum discs in a tube furnace, however, it was found the rate of reaction was slowed 
by the rate of diffusion in the bulk gas flow between the grains. Consequently, the resistance to bulk 
gas flow diffusion was not controlled.   
  
X 2400 
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a) 600°C, PCO 0.25; PCO2 0.75, -63+45µm. 
b) 800°C, PCO 0.50; PCO2 0.50, -63+45µm. 
800x 
900x 
  
35 
 
 
 
Figure 2.22. Optical micrographs illustrating the change of magnetite product morphology with 
temperature for reduction of hematite ore pellets (Bradshaw and Matyas, 1976).   
 
c) 1000°C, PCO 0.125; PCO2 0.875,  -63+45µm. 
d) 1100°C, PCO 0.063; PCO2 0.935,  -63+45µm. 
345x 
850x 
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Porous magnetite structures were observed at all temperatures below 800°C and the first 
appearance of laths occurred at the interface growing into the hematite matrix at 800°C. At 600°C 
pores were fine and random in position (Figure 2.22 a); upon increasing the temperature to 700°C 
the tunnels began to appear with preferred directions. This became more pronounced at 800°C and 
the tunnels also became courser with increasing temperature (Figure 2.22 b). At 1000°C dense lath 
plates traversed the grains at selected orientations (Figure 2.22 c). At 1100°C the morphology became 
blockier with large areas not covered by magnetite growth (Figure 2.22 d). 
New features were further revealed by the use of high resolution TEM microscope in studies by 
Swann and Tighe (1972, 1977) and Porter and Swann (1977). Similar to the study by Bradshaw and 
Matyas (1967, 1976), only the transformation from hematite to magnetite was investigated. The 
effects of original hematite sample, the temperatures and CO/CO2 ratios on the resulting product 
structures were also explicitly investigated.  
Three types of specimens were used – natural single crystal, pressed powder sintered discs, and 
platelets grown in borax flux. Single crystals were cut parallel to basal and rhombohedral planes – 
40μm thick and ultrasonically cut to 3mm diameter discs. The results obtained from the three 
different types of specimens were found to be reproducible. In-situ reduction experiments were 
conducted in an environmental cell constructed with an AE1-EM7 million-volt electron microscope, 
which allowed electron transmission through sections of hematite ~5 µm and magnetite 3 µm thick. 
Light microscopy and SEM observations were also used. The gas compositions ranged from pure CO 
to a CO/CO2 ratio of 0.03 and temperatures from 400°C to 1100°C were used in the study. Various 
reduction times were also tested.  In the pre-reduction experiments using the standard electric tube 
furnace, specimens were supported by a platinum boat – this orientation, however, could mean 
certain faces of the specimen would not be well exposed to the gas flow. No mention was made of 
the effect of gas flowrate as Edstrom (1953) had accounted for. Metallographic preparation 
techniques for subsequent TEM examination involved mechanical sectioning and ion sputtering to 
5μm thick hematite and 3μm thick magnetite. This allowed the microstructures of the 
hematite/magnetite interfaces to be examined. Similar product structures were found using both in-
situ and ex-situ experimental techniques.  
The conditions for the change in product structure from planar to “lath” were attributed mainly to 
the reaction temperature. At low temperatures (400-600°C) a porous magnetite product was found 
that contained very fine gas pores approximately 8nm in diameter (Figure 2.23).  This structure was 
also found to be extremely fragile with colonies fracturing easily. 
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Figure 2.23. Transmission electron micrographs illustrating the low temperature porous magnetite 
morphology at interface of partially reduced hematite crystal with 1µm removed from surface 
illustrating colonies of magnetite with dense tunnel networks changing in orientation between 
colonies. Conditions at 400°C and 1 atm CO. (Swann and Tighe, 1977). 
a) 
b) 
200 nm 
50 nm 
Approx. 4X magnification 
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It was proposed (Swann and Tighe, 1977) that these gas pores or reduction tunnels were formed by 
the removal of oxygen into the reducing environment at the base of the tunnels. The excess iron ions 
created would then become supersaturated and diffuses away from the tunnel base and parallel to 
the reaction interface to form the surrounding magnetite phase. A schematic diagram of this 
proposed mechanism is provided in Figure 2.24.  
 
Fig 2.24 Schematic diagram of the formation of pores on the reduction of Fe2O3 to Fe3O4 (Swann 
and Tighe, 1977) 
On this basis it was argued that “the scale of the tunnel structure will depend on the way in which 
overall energy for reduction is distributed” and that “the smaller the tunnel spacing, the shorter the 
diffusion distance between tunnels”. It was also argued that “the magnitude of interfacial mobility 
will exert a profound influence on the tunnel spacing by controlling the amount of boundary 
diffusion required to drive the interface forward” and with increasing temperature since bulk 
diffusion into the matrix will become more important “more energy is consumed driving the 
interface forward”.  The reasoning for the last statement is not clear however it would be expected 
that the pore spacing would change with temperature since the activation energies of the chemical 
reactions and mass transfer processes would be expected to differ.  
At intermediate temperatures (650 to 800°C) the product structure was found to consist of a 
mixture of lath and porous magnetite. At high temperature in excess of 800°C the magnetite 
product formed under reduction consisted of plates and blocky structures (Figures 2.25 and 2.26). 
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Figure 2.25 provides a clear illustration of these dense lath type plates at a nanometre scale from 
electron transparent ion-thinned sections.   
 
Figure 2.25. Transmission electron micrographs illustrating dense ‘lenticular’ or lath type 
morphology of a reduced hematite crystal. 1000°C and CO/CO2 = 0.125, 1 min (Swann and Tighe, 
1977). 
 
Examples of the same plate structure at the internal cross section and surface level are provided in 
Figure 2.26 (a) and (b). In Figure 2.26 (a) it is apparent that these dense plates have specific 
orientation and in Figure 2.26 (b) it can be seen that these plates are associated with porous 
fracture when intersecting at the surface. 
 
The micrographs illustrated in Figure 2.27 indicate that in the conditions used for this experiment  
at intermediate temperatures the dense lath is nucleated first, followed by porous magnetite growth. 
In this arrangement, the magnetite nucleates as plates but subsequent growth is in form of porous 
growth. As a result, there are plate-like colonies containing a dense tunnel structure radiating from 
the mid-rib of the plate nucleus. 
 
500 nm 
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Figure 2.26. (a) Optical micrograph of fractured cross section from a 30µm thick partially reduced 
rhombohedral face hematite crystal with magnetite plates along (0001) habit and dark contrast from 
fractured porosity. (b) Scanning electron micrograph of the surface from same sample illustrating the 
structure formed when the magnetite plate intersects the surface of the crystal. Conditions: CO/CO2 = 0.03 
for 1 min at 1000°C, (Swann and Tighe, 1977).  
a 
b 
  
41 
 
 
Figure 2.27. (a) Optical micrograph of typical reduction morphology at intermediate temperature of 
the pore structure with mid rib and solid. Specimen contains magnetite plates at X and reduction 
tunnel colonies at Y. Plates appear to nucleate the tunnel colonies (indicated by arrows). (b) TEM 
image of tunnel colony at Y, it was proposed that the central system of fracture is associated with 
the plate nucleus. (Swann and Tighe, 1977).  
 
The theory on the conditions for the formation of these three product morphologies was further 
refined by Porter and Swann (1977), who indicated that the reaction  rate of the cellular reactions  
will be determined by the sum of the resistances from various steps in the reduction mechanism 
including : 1. Boundary layer diffusion, 2. Gaseous diffusion along tunnels. 3. Chemical reaction, 4. 
Creation of new surface by extending tunnel walls, 5. Solid state diffusion, both matrix and 
interfacial, 6. Advance of the Fe2O3/Fe3O4 interface.  
In their paper Porter and Swann discuss the potential influence of these factors on the tunnel 
diameter and overall reaction rate. They concluded that only a small proportion of the total available 
chemical energy was consumed in creating the gas tunnel walls during the cellular reaction.  
Although there was no systematic investigation of the individual influence of thermodynamic driving 
force gas composition and temperature, they state that the tunnel diameter increased significantly 
with increasing temperature from 8nm at 400oC to 80nm at 700oC, although the gas conditions are 
not clearing specified. It was also stated that tunnel diameters were larger in CO/CO2 compared to 
H2/H2O gas mixtures but the details of the actual pressures and oxygen pressures of the gas mixtures 
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are unclear. Consequently, with the authors presuming gas phase boundary layer resistance was 
negligible, this led to the rate controlling step to be either the chemical reaction rate or the 
interfacial mobility. Of these two it was concluded that chemical reaction rate was said to be the 
most likely limiting factor .   
Increasing the temperature above 700°C led to a transition in morphology independent of the 
driving force. It was concluded that this indicated the significant role of matrix diffusion at higher 
temperatures. In terms of matrix diffusion, its main effect relates to the chemical potential gradient 
in the solid at the Fe2O3/Fe3O4 interface; the gradient becoming less steep as the temperature is 
increased. Furthermore, the authors noted the orientation relationship between Fe2O3/Fe3O4 of the 
(111)//(0001) configuration had influence on the interfacial mobility in the growth of these plates. It 
was proposed from these observations that the sessile interface became immobile when it reached 
this very stable configuration. Surface grooves were observed with the growth of these plates elastic 
stresses in the solids; these stresses were thought to be accommodated by the plastic deformation 
and partially by the formation of magnetite plate twins. 
Similarly, Hayes (1979) had proposed a mechanism for porous oxide growth in a previous study on 
the reduction kinetics of iron oxides. According to Hayes, porous product morphology occurred by 
the chemical reaction on the surface at the base of the pores where diffusion of iron and oxygen 
ions through the bulk oxide, and along the hematite/gas and hematite/magnetite interfaces left 
cavities. In this morphology a fast chemical reaction rate would be required, of which this 
significance had been noted by Porter and Swann (1977).  
 
Figure 2.28. Elementary reaction steps taking place during the formation of porous magnetite on 
reduction of hematite (Hayes and Grieveson, 1981).  
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In later studies by Hayes and Grieveson (1981) the transformation of hematite to magnetite was 
studied under controlled conditions. The control of experimental variables was carefully considered 
and the role of both CO gas composition and reaction temperature was systematically explored. A 
high linear gas velocity in a tube furnace was used to account for gas boundary layer diffusion and 
an in-situ heating stage microscope was used to demonstrate growth in the early stages. 
Temperature ranges were from 500°C to 663°C with one experiment performed at 1000°C. A range 
of CO partial pressures and total pressures were used, from 1.3 x 10-3 atm PCO to 1.5 x 10
-1 atm PCO 
and a high local gas velocity was created by using a total gas flowrate of 1l/min and a small tube 
diameter of 25mm. This effectively eliminated any gas boundary diffusion issues and accordingly the 
apparent transition conditions for the formation of porous or lath magnetite was significantly 
different from those reported in previous studies. 
In this experimental arrangement, in contrast to previous studies, it was illustrated that the porous 
magnetite morphology was observed to form at 1000°C provided the gas ratio was sufficiently 
reducing. This was in stark contrast to previous studies findings that limited the formation of porous 
morphology to maximum temperatures of 700-800°C. The differences in the temperature for 
transition from porous to lath product morphology reported in the previous observations was 
attributed by Hayes and Grieveson to differences in gas phase mass transfer conditions at the 
particle surfaces. As chemical reaction rate constants were compared, it was apparent the rate 
obtained by Hayes and Grieveson (1981) were significantly faster than previously thought. Previous 
studies, undertaken using industrial pellets and without determining the influence of gas flowrate on 
the outcomes, had been undertaken in conditions in which there was significant gas film or 
boundary diffusion resistance, effectively reducing the CO concentration at the interface. It was 
argued that as the rate of the chemical reaction relative to gas phase transfer increased with 
increasing temperature this lead to a change in the gas composition at the particle surface in earlier 
studies. Rather, Hayes and Grieveson (1981) contributed three factors in determining the product 
structure, which included:  
1. The gas partial pressure, which determines the chemical reaction rate; 
2. The oxygen potential of the reducing gas, which determines the available free energy, and to 
some extent the chemical reaction rate; and 
3. The reaction temperature, which determines the rate of diffusion   
A good linear correlation was found plotting the morphology results for the effective oxygen partial 
pressure of the CO-CO2 gas mixture (derived from the chemical reaction driving force in equation 
2.5) against the inverse reaction temperature (Figure 2.29). From these results it was argued  that 
the transition in the morphology from lath to porous magnetite takes places if a certain critical 
  
44 
 
undersaturation of gas with respect to the hematite phase. This was later confirmed by the author 
using H2-H2O gas mixture (Baguley, St. John, and Hayes, 1983).  
  
Figure. 2.29.  Summary of conditions for the formation of porous and lath magnetite on reduction of 
hematite in CO/CO2 gas mixtures (Hayes and Grieveson, 1981). 
Hayes and Grieveson (1981) proposed that growth of laths occurred by a shear transformation using 
two key observations. Firstly, a semi-coherent interface and dense growth indicated contact gas and 
hematite are only at the surface; and secondly that preferential growth occurred along the basal 
plane with <230> direction. Consequently, with knowledge that α-Fe2O3 to γ-Fe2O3 occurs by shear 
transformation, lath growth could be attributed to a shear transformation where the hematite ABA 
stacking sequence with shear mechanism could transform to ABC in <120> direction of the oxygen 
cubic closed packed structure of magnetite. In this proposed mechanism, only a minor atomic 
adjustment would be required from maghemite to magnetite. It was also noted that the oxidation of 
magnetite to hematite has been illustrated to exist as a spinel structure so the reverse 
transformation should be equally possible.   
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Therefore, Hayes and Grieveson (1981) proposed a sequence of nucleation and growth of lath 
magnetite as follows:  
1. Iron/oxygen ratio increases in hematite when exposed to the reducing gas  
2. Alpha hematite becomes unstable, and transforms to δ-Fe2O3, which has a defect alpha 
structure, which has a more random iron ion distribution and provides less steep energy; 
3. Oxygen ions rearrange by shear transformation to become γ-Fe2O3  
4. Iron/oxide ratio increases as γ-Fe2O3 becomes a sink for excess iron ions 
5. The magnetite laths formed then move into the bulk hematite. 
This sequence of transformation is presented in terms of the free energy and composition change in 
Figure 2.28. Lath tip growth will continue  until the supersaturation is eliminated, as represented in 
Figure 2.30.  
 
Figure 2.30. Schematic of the free energy and composition change for the proposed transformation 
of hematite to magnetite (Hayes and Grieveson, 1981). 
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Figure 2.31. Proposed mass transport paths for the formation of lath magnetite from hematite. 
(Hayes and Grieveson, 1981). 
The steps involved in this reaction are: 
1. Surface reaction - reducing gas at surface picks up oxygen 
Fe2O3 + 3CO = 2Fe
3+ + 6e- + 3CO2.      (2.8) 
2. Diffusion of cations (Fe3+) and electrons inside the hematite matrix along the hematite-
magnetite interface to the tip of the needles 
3. Formation of magnetite  
2Fe3+ + 6e- + 8 Fe2O3 = 6 Fe3O4                 (2.9) 
Studies of the hematite to magnetite reduction morphologies were later conducted by Et-Tabirou et 
al., (1988) were aimed at the determination of the effect of crystal size on the microstructure 
formation. Synthesised pure hematite crystals were used of large size (500µm - 800 µm) and small 
size (50-150 µm). The fractional weight change was kept approximately constant and consequently 
the difference in crystal sizes represented a difference in the reaction product thickness. A wide 
range of CO gas concentrations were used from 2% CO to 50% CO in CO-CO2 gas mixtures. 
Temperatures in the range from 400°C to 1000°C were investigated and gas boundary layer 
resistance was minimised by using a high gas velocity, although it was not stated how the 
experimental design achieved this. The microstructures were viewed using SEM and optical 
microscopy. 
From the findings it was determined that both temperature and percent CO were important factors 
influencing the product microstructure and that there was an apparent transition range of 
conditions where there were mixed lath and porous morphologies were formed (Figure 2.32).  
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Figure 2.32 Product structures formed on reduction of hematite to magnetite as a function of 
temperature and %CO in CO-CO2 (Ptot = 1 atm) for “small” (S) crystals of size 50-150 µm and fully 
reduced; triangles represent lath morphology, white circles are porous magnetite, and black circles 
are mixed domain (Et-Tabirou et al., 1988). 
The effect of crystal size on the transition between porous and lath magnetite is illustrated in Figure 
2.33. The transitions from porous to lath magnetite at any provided temperature for the larger 
crystal sizes (500 to 800 µm) were found to occur at lower percent CO than the smaller crystal 
sizes (50-150 µm). Large crystals were found to be particularly brittle at low temperatures within the 
domains 4 and 5 whilst smaller crystals were slightly less sensitive, as they occupied only domain 5. 
This change with respect to crystal size could also be an important aspect to the reactivity or 
kinetics of the reaction  
  
lath 
porous 
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Porous: L= 2+3, S= 3+4 Lath: L= 1, S= 1+2 Fractured: L= 4+5, S= 5 
 
Fig. 2.33. – Summary of morphology domains observed on reduction of hematite to magnetite for 
weight change of 75% for large (L) and small (S) crystals according to Et-Tabirou et al., 1988. For 
other, H&G illustrates Hayes and Grieveson (1981) findings for transition from porous to lath; B&M 
for Bradshaw and Matyas (1976).  
Investigating the morphological and kinetic data, Et-Tabirou et al., (1988) found each unique 
evolution of microstructure had an associated kinetic curve, as presented schematically in Figure 
2.34.  
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Figure 2.34.. Schematic of morphological and kinetic data (broken lines represent fractional 
reduction as a function of temperature and partial pressure of CO (Et-Tabirou et al., 1988). 
Despite the attention to gas flow by Et-Tabirou et al., it is still not clear whether the transition from 
lath to porous mechanism is attributable to particle size. This observation could still be explicable by 
gas phase mass transfer playing a more significant role in the case of the smallest particles.  
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2.5.3 Summary of Findings 
These previous studies have established a number of important phenomena involved in the 
reduction of hematite to magnetite. One of the most important of these is that there are two 
different product microstructures of magnetite; dense lath and porous. It remains uncertain, 
however, under what conditions these types of morphologies occur. Some investigations have 
attributed the transition to be due to primarily temperature whilst others have also considered the 
effect of gas composition to be a contributing factor. In addition there are no definitive data on the 
reaction kinetics and key process variables in this system. This uncertainty has developed from poor 
control of experimental conditions and the use of poorly characterised samples.  
Furthermore, very few experiments that have been performed under the particular reaction 
conditions applicable to CLC in the temperatures range of 800-1100°C. There are also no data on the 
microstructural changes in the oxidation/reduction cyclic processing conditions experienced in the 
CLC process.  
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Chapter 3 
 
Scope of the Present Study 
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The review of previous studies has illustrated that there are many aspects of the reduction and 
oxidation of hematite/magnetite under reaction conditions relevant to CLC processing that are 
unclear. The experiments to be undertaken in the present investigation will be designed to avoid 
uncertainties in the reaction conditions and so enable accurate characterisation of the system. This is 
to be achieved through: 
 Selecting well-characterised, pure, dense crystal samples to ensure there are no effects from 
impurities or sample porosity; 
 Designing the apparatus to achieve high local gas velocities at the gas/solid particle interface 
to reduce any influence of gas phase mass transfer on the effective gas compositions 
experienced during the experiments; 
 Using dense samples of Fe2O3 for reduction and Fe3O4 for oxidation to determine the 
transformation phenomena occurring between Fe2O3 and Fe3O4 only; 
 Choosing reaction conditions where only magnetite is the stable phase in reduction, and 
hematite is the only stable phase in oxidation 
 Targeting reaction conditions that represent CLC processing at high temperatures (800-
1100°C) and various gas compositions (1-25% CO in CO-CO2 gas mixture, PCO + PCO2 = 1 atm.) 
In consideration of these experimental variables the internal product morphology for reduction and 
oxidation will also be investigated using the scanning electron microscope (SEM). The composition 
of the product phases will then be confirmed by Raman spectroscopy. The measurement of the 
kinetics will be obtained from polished cross sections.  
The effect of the number of cycles of reduction and oxidation cycles on the internal product 
morphology and surface morphology will also be evaluated and compared to findings for individual 
steps of reduction and oxidation to provide insight into the fundamental mechanisms occurring in a 
CLC process reactor.  
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Chapter 4 
 
Experimental Techniques 
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4.1. Reduction Experiments 
Reduction experiments have been carried out on pure, dense hematite 1x2mm, plate-like samples at 
provided temperatures, gas compositions and times. The resulting microstructures have been 
examined by mounting and polishing cross-sections of the partially reduced samples. The difference 
in reflective properties of the hematite and magnetite phases enables these phases to be clearly 
distinguished using the optical metallurgical microscope. The detailed microstructures of the 
reaction product layer are characterised using scanning electron microscope techniques. 
The experimental apparatus and reduction procedure is similar to that reported earlier (Matthews 
et al, 1986). The individual dense samples were introduced into a vertical reaction tube and allowed 
to fall under gravity to the hot zone of the furnace. The sample was held in this position by a 
ceramic stopper and the high local gas velocity was generated across the sample surface by the 
effective restriction produced in the reaction tube cross-section. The sample reaches the reaction 
temperature in less than a second. The sample is released after a provided time by lowering the 
stopper and the samples falls under gravity into a liquid nitrogen bath and is quenched to room 
temperature. The samples can then be examined at leisure using conventional metallographic 
techniques.  
 
Figure 4.1. Schematic of the reduction furnace (Matthews et al., 1986).  
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4.2 Reactive Gases 
The gases used in the reduction and oxidation experiments were carbon monoxide, carbon dioxide 
and air. Carbon monoxide (99.97% CO), carbon dioxide (99.9995%CO2) and dry air were obtained 
from purified compressed gas supplied by Coregas.  
The flow of reducing gases was controlled by the use of calibrated, pressure differential type flow 
meters. Gas flows could be easily controlled for wide range of gas flows from 10ml/min to 
1000ml/min by the change of capillary and differential height of the di-butyl phthalate liquid in the 
reservoir. The design of the flow meter is presented schematically in Figure 4.2.    
 
 
Figure 4.2. Schematic of pressure differential gas flow meter (Hidayat, 2009). 
4.3 Sample Preparation Technique 
An almost pure (99.8% hematite, balance silica) hematite crystal obtained from Minas Gerais, Brazil 
was used primarily for the reduction experiments. This was cut into 2mm x 2mm x 0.5mm cubic, 
regularly shaped, single crystals using a thin, twin-bladed diamond saw with the crystal mounted in 
an epoxy resin.  
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In some cases, specified a synthetic sample was used made from a pure iron strip and placed in a 
vertical furnace at conditions to achieve desired oxide. The details for preparation of dense magnetite 
from iron metal are to be found in Matthew’s PhD thesis on the reduction of magnetite (1987).  
4.4 Metallographic Techniques 
4.4.1 Mechanical Polishing Technique 
To enable examination of the sample cross-section the specimen was mounted in a resin. The 
mounting medium used in this study was a mixture of EpoFix resin (supplied by Struers) and 
hardener in a ratio of 8.3:1. Once the specimen was placed in the liquid resin it was subjected to a 
partial vacuum to remove gas and left to set at room temperature for a period of at least 12 hours.  
To reduce the brittle fracture of the samples during polishing and reduce the rounding of the 
polished edges of the sample, modifications were made to the conventional polishing technique. All 
metallographic equipment and consumable for the fine grinding and polishing media were supplied 
by Struers. Initial fine grinding was undertaken using the Struers MD-Piano diamond type designed 
for hard brittle materials. The fine grinding was continued using the composite disc, MD-Largo. 
Polishing stages used the satin woven acetate polishing cloth MD-DAC followed by the MD-NAP a 
synthetic short NAP cloth. Generally, 2 minutes on silicon carbide paper, 1 minute on 1200 MD-piano 
followed by 5 minutes on MD-Largo, 10-35 minutes on MD-DAC, and finally 2 minutes on MD-NAP 
was sufficient to produce a specimen for metallographic examination with no scratches and good 
edge retention. 
Fracturing crystal hematite and magnetite samples was found to be relatively easy. The single crystal 
was placed on a flat surface and a sharp surgical blade was used to cut the specimen from the edge. 
The fractured samples were then placed on a carbon sticker and metal tab for the cross section of 
the sample to be viewed under the scanning electron microscope (SEM).  
4.4.2 SEM Equipment 
The scanning electron microscope (SEM) was used in this study to show detailed morphological 
features of the product structure at a micro (10-6 m) and nano (10-9 m) scale. The main machine 
used was the Philips XL-30, which was found to be of sufficient resolution to be able to characterise 
micron scale features; however at the nano-scale the JEOL 7001 cold field emission electron 
microscope was used. The XL30 was also able to produce backscattered images that gave some 
contrast between the iron-oxide phases and more clearly the contrast in porosity. In general, a 
relatively low accelerating voltage of 15kV was used for SEM; which was increased to 25kV for 
backscattered images. The lower voltage provided a shallower electron interaction at the surface of 
the particle that gave good resolution for the details on the surface (for a fractured image this would 
be details of the fractured surface). In contrast, the high voltage used in backscattered mode 
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highlighted compositional differences and the prevalence of porous networks. In most cases for SEM 
a spot size of 4-5 was used; however, for backscattered images a high spot size could be used up to 
6.  
 
4.4.3 Raman Spectroscopy  
Raman spectra can be used as a diagnostic tool for distinguishing individual mineral oxides at spatial 
resolutions of approximately 1 µm (Oh et al., 1998). In this technique a monochromatic light source 
(i.e. laser) is directed on a solid sample and scattered elastic/inelastic light is detected. Of interest are 
the inelastic waves or Raman shift created by the interaction of electromagnetic waves with the 
phonons, the vibrational modes in the crystal lattice, which cause a shift in the scattered wavelength. 
Elastic waves (same wavelength as incident radiation) are filtered by a notch filter from the inelastic 
waves to reduce noise and the Raman scattered light is dispersed depending on wavelength and 
detected by CCD.     
 
Figure 4.3. Schematic diagram of Raman spectroscope. Elastic scattered light filtered by notch filter 
(Halvorson, 2010). 
The Raman technique can be used to identify minerals by the excitation of atomic bonds that can be 
regarded as acting like springs to the incoming energy from a radiation source. Individual minerals 
may then be identified by their characteristic phonons, which depend on the type of bonds and 
compound trigonometry - or vibration mode. The wavelengths of the Raman shift are then measured 
in the ultraviolet or visible regions depending on the source of the radiation (Cornell and 
Schwertmann, 2006). The sources of radiation can include: He-Cd, argon green the diode near-
infrared lazers. The optimum power of the laser will vary with each type of radiation, see Table 4.1. 
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Table 4.1 Wavelength and power of laser used for Raman 
Type Wavelength Power at laser Power at Specimen 
He-Cd ultraviolet 325 nm 20 MW 4 MW 
Argon green laser 514 nm 50 MW 10 MW 
Diode near-infrared 785 nm 300 MW 150 MW 
Source: Centre for Microscopy and Microanalysis (CMM), UQ, Handbook for Lasers.  
A Renishaw inVia Raman Microscope running Wire 4.2 software an Argon green laser was used for 
this study. 
The Raman technique has been illustrated in a number of studies to provide a reliable  method to 
distinguish between iron oxides (Kieser, Brown and Heidersbach, 1983; Nauer et al., 1985; Thierry et 
al, 1988; Boucherit Hugot-Le Goff and S. Joiret, 1991; Oh et al., 1998; Hanesch, 2009). These studies 
have been able to conclude that for oxides of similar structure and chemical formula; they may be 
distinguished due to Raman’s sensitivity to interatomic forces. For example, hematite (α-Fe2O3) can 
be identified by its trigonal R3C phase from the maghemite (γ- Fe2O3) cubic P213 phase in the 
Raman spectra. Magnetite may also be distinguished from other Fe-oxide spinel phases by its strong 
peak at around 667cm-1. Maghemite may be associated with double peaked bands around 680-720 
cm-1. Example Raman spectrographs of commercial or synthesised iron oxides are presented in Figure 
4.4 (Bellot-Gurlet et al, 2006).  
 
Figure 4.4. Raman spectra of iron oxides Hematite, Maghemite and Magnetite. Laser power at 
sample <100 µw, λ = 532nm, acquisition time 15-60min (Bellot-Gurlet et al, 2006). 
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Table 4.2 illustrates data on the characteristic peak shifts obtained in a number of studies; the 
numbers in bold indicate the major peaks in the Raman spectra of iron oxides of interest to the 
present study.  
Table. 4.2.  Raman shift spectra from various sources.  
Iron Oxide Raman Shift     (cm-1) Sample  Type Sources 
Magnetite     
Fe3O4 
550, 670 Poly-crystal Thierry et al, 1991 
 310, 540, 670 Natural, synthetic Hanesch, 2009 
 532, 667 High purity powder Oh et al., 1998 
Maghemite γ-
Fe2O3 
193, 252, 263, 350, 380, 505, 
650*, 740 
powder Thierry et al, 1991 
 
 350, 512, 665, 730 Natural, synthetic Hanesch, 2009 
Hematite α-Fe2O3 225, 247, 299, 412, 500, 613 Poly-crystal Thierry et al, 1991  
 
 225, 245, 290-300, 412 Natural, synthetic Hanesch, 2009 
 226, 245, 292, 411, 497, 612 High purity powder  Oh et al., 1998 
Bold: strongest peak in spectrum; underlined: 2nd  strongest peak in spectrum. *The peak was found 
to broaden by traces of Fe3O4 
Raman spectroscopy was used to identify the iron oxide structures of magnetite and hematite, and 
investigate the possible presence of other iron oxide structures. To analyse the phase changes 
occurring during reduction and oxidation, base Raman spectra of hematite and magnetite were 
obtained from unreacted samples and compared with reduced and oxidized samples. Spectra from 
the reacted samples could be taken at various points of the samples at a resolution of 2µm, which 
allowed the original crystal/synthetic structure to be distinguished from the reaction interface and 
the product phase. Both polished cross sections and fractured cross sections could be used in the 
Raman machine. Consequently, the Raman method enabled the confirmation of product phases and 
identification of possible unknown phase changes.  
Base Raman spectra were established from hematite single crystal obtained from Minas Gerais Brazil 
and synthesized magnetite. Examples of these spectra are listed in Figures 4.5 and 4.6.  
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Figure 4.5 Pure hematite spectra from Raman library spectra (green),  raw data (red) 
 
Figure 4.6 Pure magnetite with Raman library spectra (purple),  raw data (red) 
Illustrated in Figure 4.5 is the hematite prominent peak at 223 Raman shift/cm. The magnetite 
spectrum is represented in Figure 4.6 with a peak at 665 shift/cm. A small peak at 535 shift /cm is 
also apparent in this spectrum.  
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A large range of test variables were established to ensure that the excitation from the laser beam did 
not cause any secondary changes to the oxide during measurement, which would lead to 
misinterpretation of the results. Table 4.3 lists all of the variables tested. From the test variables it 
was established that, in general, lower laser powers were better than higher laser powers as they did 
not produce a high background signal. However, very low laser powers, such as 0.05% were not 
practical as they required a very long count time for the laser which would be extremely time 
consuming for obtaining results from a large range of points. In addition to the higher background 
noise at the higher laser powers, it was found at 50% that the characteristic peaks began to shift 
away from their established points (illustrated in Figure 4.7); and at 100% laser power phase changes 
could be found in some cases (illustrated in Figure 4.8). Consequently, a laser power of 10% was 
used on all samples.  
 
Table 4.3 Test Variables (power and time) for Raman Microscopy of Hematite and Magnetite 
Laser Power 
% of MW 
1s 2s 5s 10s 30s 60s 100s 180s 300s 600s 
0.05%          x 
0.5%        x x  
1%    x x x x    
5% x x x x x x     
10% x x x x x x     
50% x x x x x x     
100% x x x x x x     
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Figure 4.7. Magnetite spectrum obtained from base sample at 50% laser power and residence time 
of 5s. High background noise and shifting of characteristic peaks evident.  
 
 
Figure 4.8. Magnetite spectra obtained from base sample at 100% laser power and residence times 5-
30s. High background noise and shifting of characteristic peaks evident. Particular change evident at 
30s.  
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Chapter 5 
Reduction of Hematite to Magnetite 
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5.1 Reduction Introduction  
The focus of this section of the study is on the product microstructures formed on the reduction of 
hematite to magnetite in CO/CO2 gas mixtures.  
The reaction conditions reported are in the range of 800°C to 1100°C and CO-CO2 gas mixtures 
between 1%CO to 25%CO.  
The process conditions have been selected to a) reflect the anticipated conditions in CLC process, 
and b) ensure unambiguous control of gas and temperature conditions. In regard to conditions in 
the CLC process, the total reduction and oxidation times in this investigation were limited to target 
product thicknesses of up to approximately 40µm. This is due to the low retention time (up to 60s) 
and target particle size (around 100µm) in a fluidized bed operation for a CLC reactor. 
Consequently, the times selected for reduction were principally in the range 30-60 seconds. Selected 
experiments were undertaken for longer reaction times to establish changes in morphology with 
respect to reaction time and diffusion path distance.  
As this study is also intended to provide further fundamental information on the reduction and 
oxidation of metal oxides, it is also important to consider the essential mechanisms taking place; this 
is the removal and addition of oxygen by the reactive gas mixture. The chemical driving force for the 
reaction can be established from the difference in Gibbs free energy between the gas phase and 
reaction interface. Specifically for a reducing gas mixture of CO-CO2 and hematite-magnetite 
interface equilibrium, it can be established that the resulting free energy change in the removal of 
oxygen is described by:   
 
 
 
 
 
 
 
 
 
 
(5.1) 
Therefore both the effective oxygen partial pressure of the gas and the oxygen potential at the 
interface need to be established to determine the chemical driving force for a provided temperature 
and gas composition.  
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In the case of CO/CO2 reactive gas atmosphere, the effective oxygen partial pressure can be 
determined from the equilibrium that exists between CO, CO2 and oxygen by the reaction: 
2CO + O2 = 2CO2      (5.2) 
The partial pressure of the oxygen can then be derived considering the standard Gibbs free energy 
ΔG° of reaction: 
ΔG° = -RT ln (pCO2 / pCO)
2.1/pO2),                                                  (5.3) 
pO2 = (pCO2 / pCO)
2 . 1 / e(-
ΔG°/RT),  where ΔG°f = = -282400 + 86.81T J mol
-1 O2   (5.4)        
(calculated using values from CRC handbook of Chemistry and Physics, 2014)  
The relationships between oxygen partial pressure and reaction temperature for selected %CO in the 
CO + CO2 gas mixture are provided in Figure 5.1.  These %CO concentrations have been selected 
since they reflect the range of conditions that might be expected in the CLC combustion reactor; the 
more desirable conditions from a process prospective is when there is high utilisation of available 
fuel, i.e. the %CO is low. The upper bounds displayed in Figure 5.1 approximate the thermodynamic 
condition for the reduction of magnetite to wustite.  
 
Figure 5.1 Equilibrium Log PO2 at temperatures between 800-1100
oC and 2-25%CO in CO-CO2 gas 
mixtures. 
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Using the PO2 for the reactive gas (provided in equation 5) and the PO2 at the interface (i.e. the 
equilibrium data for Fe3O4/Fe2O3 provided in equation 2.8 from Bryant and Smelter, 1969), equation 
(1) may be solved to determine the Gibbs free energy change for the specific reaction condition.  
Using these relations, the Gibbs free energy changes for the conditions tested in this study were 
calculated and have been summarised in Table 5.1  
Table 5.1 Gibbs free energy change ΔG (kJ/mol O2; Fe2O3 to Fe3O4) for reducing conditions tested in 
this study 
Temp 
%CO in CO2 
2% 5% 10% 15% 20% 25% 
800°C -118 -148 -157 -161 -135 -168 
900°C -123 -142 -172 -178 -165 -188 
1000°C -128 -149 -164 -174 -182 -163 
1100°C -134 -155 -172 -183 Not tested -197 
 
A summary of the reducing conditions tested in this section is provided below in Table 5.1.a. 
 
Table 5.1.a Summary of reducing conditions tested in CO-C02 gas mixtures 
Temp 
%CO in CO2 
2% 5% 10% 15% 20% 25% 
800°C x x x x x x 
900°C x x x x x x 
1000°C x x x x x x 
1100°C x x x x Not tested x 
 
 
 
 
 
 
 
 
 
  
67 
 
 5.2 Reduction of Hematite to Magnetite Under Optical Microscopy 
Examples of typical product structures observed from the reduction of hematite to magnetite at 
temperatures from 800°C to 1000°C are illustrated in Figures 5.2. From these optical micrographs it 
is apparent that both porous and dense lath morphologies can be formed depending on the reaction 
temperature and gas composition. 
 Figure 5.2.a reveals a micro-porous structure has developed at a high CO gas concentration of 38% 
CO and temperature of 800°C. The interface between the original dense Fe2O3 and the Fe3O4 
product phase is macroscopically smooth and of uniform thickness. Within the magnetite are 
irregular-shaped pores, which are principally oriented in the direction from the sample surface to 
the dense Fe2O3, i.e. normal to the interface.  
At process conditions with high temperature and low CO percent the dense lath structure is 
observed; examples of these structures are provided in Figures 5.2.c and 5.2.d. The preferential 
growth of these lath structures in specific planes and in specific directions is clear from these cross-
sections. The outer surface of the magnetite appears macroscopically rough.  
In other cases there appears to be a mixed product morphology. In Figure 5.2.b the Fe2O3/Fe3O4 
interface appears to be of lath morphology, however there also appears to be course tunnels in the 
reaction product. Using the optical microscope and polishing technique, it is unclear if these are gas 
pores or polishing artifacts.  
The product structures formed are relatively delicate – in some cases it is not clear whether the 
pores are present in the original structure or are the result of/or enhanced by mechanical damage 
during polishing. Although considerable efforts have been made to avoid this effect by improving 
polishing techniques, it is still difficult to obtain a uniformly flat cross sections close to the deposit 
surface. This bevelled interface and the low depth of field obtainable using optical techniques 
impedes the examination of structures formed after short reaction times due to the small amount of 
growth at these times. The use of optical metallography, whilst clearly defining the hematite and 
magnetite phases by differences in reflectivity,  also restricts accurate characterisation of near-
surface structures and the initial product structures formed on reduction.  
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(a) 800°C, 38%CO-62%CO2,120s, natural crystal 
 
(b) 1000°C, 13%CO-87%CO2, 30min, natural crystal 
 
(c) 1000°C, 5%CO-95%CO2,30min, natural crystal 
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(d) 1000°C, 5%CO-95%CO2,30min, natural crystal 
 
Figure 5.2 a-d. Optical micrographs of product cross-sections obtained from the reduction of 
hematite to magnetite 
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5.3 Reduction of Hematite to Magnetite Under SEM  
In the previous section (Chapter 5.2) examples were provided of the use of optical metallographic 
techniques to examine and characterise the product microstructures. These techniques are, however, 
limited by the shallow depth of field inherent in the use of optical systems and the possibility of 
introducing artefacts during polishing and sample preparation. The use of scanning electron 
microscopy (SEM) allows the internal morphology of the magnetite product phase to be viewed at 
high resolution and with the greater depth of field enabling the examination of clean fractured 
interfaces.  
Consequently, the SEM has been used as the principal research tool in characterising the product 
morphologies in this study. Examples of the microstructures obtained in partially reduced hematite 
samples are provided in figures 5.3. 
In figures 5.3.a and 5.3.b the dense lath type magnetite and the original Fe2O3 can be clearly seen; 
the lath structure extends all the way to the interface. In figure 5.3b the outer surface is 
characterised by relatively coarse sized pores in the order of a few micron in size.  
Isolated pores containing small diameter gas tunnels are illustrated in figure 5.3.c. The gas pores 
appear to branch off in different directions forming a “dendrite-like” structure but stop before 
reaching the Fe3O4/ Fe2O3interface. These gas pores also do not touch each other and are surrounded 
by dense magnetite product phase.  
At more reducing conditions and lower temperatures, the same kind of branch pore structure can be 
seen in Figure 5.3.d but in this structure the pores grow all the way to the interface with Fe2O3 and 
are finer in diameter. In these closely spaced fine pores, they appear uniform in size and distribution 
within the product. The reaction interface is also not microscopically planar in this structure with 
evenly spaced pores advancing into the hematite matrix along the length of the reaction interface.  
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(a) 800°C, 2%CO-98%CO2, 42min, synthetic, secondary electron image. 
 
 
(b) 1100°C, 15%CO-85%CO2, 1min, natural crystal, secondary electron image. 
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(b) 1000°C, 10%CO-90%CO2, 40s, natural crystal, secondary electron image. 
 
 
(d) 800°C, 20%CO,80%CO2, 1min, synthetic, secondary electron image. 
 
 
Figure 5.3 a-d. Examples of product cross-sections obtained from the partial reduction of hematite to 
magnetite as observed using the scanning electron microscope (SEM). 
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For ease of discussion the product magnetite structures have been classified with characteristics 
described by three main structural types:  
i. Dense lath type 
ii. Mixed porous/dense  
iii. Porous  
On the basis of this classification, it was apparent that the type of morphology formed was highly 
dependent on temperature and gas composition. At a low CO concentration of 2% CO dense 
magnetite was formed at temperatures between 800-1000°C. At intermediate CO concentrations of 
5-15% CO porous dense morphology developed at temperatures between 900-1100°C. Porous 
morphology where pores extended to the reaction interface were apparent at low temperatures in 
the range 800-850°C and relatively high CO concentration of 10-20% CO.  
From these examples it is clear that the product morphology on reduction of Fe2O3 is dependent on 
gas composition, reaction temperature and reaction time. The effects of these variables on product 
structure have been systematically investigated in the present study for synthetic and natural Fe2O3 
crystals. Some examples of these structures obtained to date are represented in the following figures.  
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5.3.1. Temperature 800-850°C 
Examples of the internal product morphology (cross-sections of the samples) obtained at reduction 
temperatures from 800°C to 850°C are illustrated in figures 5.4 to 5.15. From these micrographs it 
is apparent that either dense or porous product morphology is produced at these reaction 
temperatures depending on the concentration of CO gas in the CO-CO2 gas mixture.  
The product morphology formed at a low reducing potential of 2%CO in CO-CO2 for prolonged 
periods of (up to 42 minute reaction time) appears as thin layers of dense platelets or laths (Figure 
5.5) however, in the shorter periods of time (up to 10 minutes) (Fig 5.4) the growth appears more 
porous, and in many cases have fractures parallel to the surface and the growth front; the growth 
front between magnetite and hematite in these cases is planar.   
At the slightly higher reducing potential of 5%CO in CO-CO2, the product morphology is clearly 
porous. Similar to that at the lower reducing potential at short time, fractures appear parallel  to the 
surface and growth fronts (Figures 5.6 and 5.7). It should be noted that in Figure 5.6 and Figure 5.7 
these fractures do appear to assist the rate of reduction as the product thickness is slightly greater 
close to these major fractures. The fractures have clearly formed during the reduction rather than on 
cooling of the samples since the porous magnetite layer appears at a greater depth than the cracks. 
The back scattered electron (BSE) image represented in Figure 5.7 is of the same area shown in 
Figure 5.6. The greater depth of penetration of the electron beam in the BSE mode more clearly 
reveals the extent of the pore network in the magnetite product. Gas pores extend principally in the 
direction of the Fe3O4/Fe2O3 interface but there are side arms on the main pores  giving the pores a 
dendrite- like appearance.. The presence of these side arms can be seen more clearly in Figures 5.8 
and 5.9. The pore walls  are angular in shape having  a facetted appearance indicating preferential 
growth in particular crystal directions within the crystal. A smooth dense layer up to 1µm thick can 
be seen separating the tunnels from an irregular hematite/magnetite reaction interface (Figure 5.8).  
The porous product morphology is clearer on increasing the reduction potential of the gas from 
5%CO to 15%CO and higher. In these cases, as in Figures 5.10 to 5.15, the pore structures appear 
very fine and of narrow size range (around 200nm), closely spaced (less than 1µm apart) and 
approximately equal in spacing. The main spine of the tunnel can be seen to grow normal to the 
growth front and extend all the way to the Fe3O4/Fe2O3 interface. Similar to that observed at 5%CO, 
the reaction interface remained irregular due to the dendritic like pore structure exhibited. However, 
the reaction interface became more planar at increasing reducing potentials to 25%CO (Figure 5.14 
and Figure 5.15).  
Figures 5.10 and 5.11 provide further examples of fracture within the magnetite product layer. 
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Figure 5.4 800°C, 2%CO-98%CO2, 3min30s, natural crystal, 
secondary electron image. 
 
 
Figure 5.5 800°C, 2%CO-98%CO2, 42min, synthetic, 
secondary electron image. 
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Figure 5.6 800°C, 5%CO-95%CO2, 2min, natural crystal, 
secondary electron image. 
 
 
 
Figure 5.7 800°C, 5%CO-95%CO2, 2min, natural crystal, 
backscatter electron image. 
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Figure 5.8 800°C, 5%CO-95%CO2, 2min, natural crystal, 
secondary electron image.  
 
 
 
Figure 5.9 800°C, 5%CO-95%CO2, 2min, natural crystal, 
secondary electron image.  
3 µm 
1 µm 
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Figure 5.10. 800°C, 15%CO-85%CO2, 1min, single crystal, 
secondary electron image. 
 
 
 
 
Figure 5.11. 800°C, 15%CO-85%CO2, 1min, single crystal, 
backscatter electron image. 
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Figure 5.12. 800°C, 20%CO-80%CO2, 1min, synthetic, 
secondary electron image. 
 
 
 
Figure 5.13. 800°C, 20%CO-80%CO2, 1min, synthetic, 
backscatter electron image. 
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Figure 5.14. 800°C, 25%CO-85%CO2, 30s, single crystal, 
secondary electron image. 
 
 
 
Figure 5.15. 800°C, 25%CO-85%CO2, 30s, single crystal, 
backscatter electron image. 
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5.3.2. Temperature 900-950°C 
Examples of the internal product morphology obtained from samples partially reduced at reduction 
temperatures from 900°C to 925°C are illustrated in figures 5.16 to 5.26. As observed for the lower 
reaction temperature of 800°C, growth of magnetite at these ranges also show dense and porous 
characteristics depending on the concentration of CO gas in the CO-CO2 gas mixture.  
At a low CO concentration of 2% CO the magnetite is dense and appears to be layered or plate-like 
in formation (Figure 5.16). When increasing the reducing potential to 5%CO a mostly dense product 
structure was maintained; however as clearly seen in Figure 5.17 large micro-meter scale instabilities 
appear close to the gas/surface interface. In both of these conditions the hematite/magnetite reaction 
interface is planar. This represents a change in product morphology with temperature for the 5%CO 
gas mixture since  at 800°C fine pores were found to extend from the outer surface of the particle 
towards the Fe3O4/Fe2O3 interface.  
At 10%CO, as seen in Figure 5.18 and Figure 5.19, the porous magnetite is again observed. The 
influence of crystallographic orientation on pore growth is clear at the higher magnification 
represented in Figure 5.19 it appears these tunnels approach but do not quite meet the Fe3O4/Fe2O3 
interface. Due to the dendritic like nature of the tunnel growth the reaction front was relatively 
irregular.  
At 15%CO and 950°C individual pores can be seen to have formed (Figure 5.20 and Figure 5.21). The 
side pores or branches  from these main pores are 1-3µm in length. These side branches do not meet 
with any other tunnels leaving a surrounding dense layer of magnetite between the main pores. 
These main pores are also spaced at approximately 10µm intervals. The reaction front in this case 
remained relatively irregular associated with its dendritic porous growth.  
The product morphologies formed at 20%CO and 25%CO at 900°C are illustrated in Figure 5.22 to 
Figure 5.26. The dendritic pore structures closely approach the Fe3O4/Fe2O3 interface and result in a 
planar interface. In these cases the pores are very fine and of narrow size range (around 200nm), 
closely spaced (less than 1µm apart) and approximately equal in spacing.  
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Figure 5.16. 900°C, 2%CO-98%CO2, 2min10s, natural crystal, 
secondary electron image.  
 
 
 
Figure 5.17. 900°C, 5%CO-95%CO, 2min, natural crystal, 
secondary electron image. 
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Figure 5.18. 900°C, 10%CO-90%CO2, 1min, synthetic, 
secondary electron image. 
 
 
 
Figure 5.19. 900°C, 10%CO-90%CO2, 1min, synthetic, 
secondary electron image. 
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Figure 5.20. 950°C, 15%CO-85%CO2, 1min, natural crystal, 
secondary electron image. 
 
 
 
Figure 5.21. 950°C, 15%CO-85%CO2, 1min, natural crystal, 
secondary electron image. 
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Figure 5.22. 900°C, 20%CO-80%CO2, 30s, natural crystal, 
backscatter electron image. 
 
 
 
Figure 5.23. 900°C, 20%CO-80%CO2, 30s, natural crystal, 
backscatter electron image. 
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Figure 5.24. 900°C, 25%CO-75%CO2, 30s, natural crystal, 
backscatter electron image. 
 
 
 
Figure 5.25. 900°C, 25%CO-75%CO2, 30s, natural crystal, 
backscatter electron image. 
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Figure 5.26. 900°C, 25%CO-75%CO2, 30s, natural crystal, 
secondary electron image.  
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5.3.3. Temperature 1000°C 
The internal product morphologies at reduction temperature 1000°C are represented in figures 5.27 
to 5.38.  
At low CO concentration of 2%CO a smooth dense magnetite product layer has developed (figures 
5.27 to 5.28).   
A change in product morphology occurs at 5%CO where there are pores closer to the surface of the 
specimen. Increasing the reducibility to 10%CO produced a markedly more porous structure. These 
tunnels in the product layer can be seen to exhibit preferential growth along specific axial directions 
and approach the magnetite/hematite interface. Similar product morphology is observed at 15%CO 
in figures 5.33 and 5.34. Closer detail of the tunnel structure in Figure 5.34 illustrates they are 
angular and facetted and separated by dense magnetite.  
At 20%CO and 25%CO, shown in figures 5.35 to 5.38, the dendritic pores are more isolated from 
each other with pore spacing approximately 10-20µm apart. At 20%CO the pores cover only a small 
portion of the product layer located in the outer layer close to the surface, as this does not appear 
to fit entirely with the trend of increasing the reducibility leading to more porous structures it could 
be well argued this structure is the result of some experimental issue leading to al lower oxygen 
potential at the specimen. At 25%CO the pores extend to the magnetite/hematite reaction interface 
and exhibit a very much more porous structure.  
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Figure 5.27. 1000°C, 2%CO-98%CO2, 3min, natural crystal, 
secondary electron image. 
 
 
 
Figure 5.28. 1000°C, 2%CO-98%CO2, 3min, natural crystal, 
backscatter electron image. 
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Figure 5.29. 1000°C, 5%CO-95%CO2, 1min, synthetic, 
secondary electron image. 
 
 
 
 
 
 
 
 
 
 
 
10 µm 
  
91 
 
 
Figure 5.31. 1000°C, 10%CO-90%CO2, 40s, natural crystal, 
secondary electron image. 
 
 
 
 
Figure 5.32. 1000°C, 10%CO-90%CO2, 40s, natural crystal, 
backscatter electron image. 
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Figure 5.33. 1000°C, 15%CO-85%CO2, 1min, natural crystal, 
secondary electron image. 
 
 
 
 
Figure 5.34. 1000°C, 15%CO-85%CO2, 1min, natural crystal, 
secondary electron image. 
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Figure 5.35. 1000°C, 20%CO-80%CO2, 30s, natural crystal, 
secondary electron image. 
 
 
 
 
 
Figure 5.36. 1000°C, 20%CO-80%CO2, 30s, natural crystal, 
backscattered electron image. 
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Figure 5.37. 1000°C, 25%CO-75%CO2, 30s, natural crystal, 
secondary electron image. 
 
 
 
 
 
 
Figure 5.38. 1000°C, 25%CO-75%CO2, 30s, natural crystal, 
backscattered electron image. 
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5.3.4. Temperature 1100°C 
Examples of the internal product morphology obtained from samples partially reduced at reduction 
temperatures of 1100°C are represented in figures 5.39 to 5.44.  
A dense product structure was observed at a low percent CO of 2%CO (Figure 5.39) whilst at all 
other conditions (5%CO to 25%CO) some form of porosity/instabilities has been formed at the 
outer surface of the particle (figures 5.40 to 5.44). These coarse tunnels were 2-3µm in diameter 
and only penetrated up to 40% of the magnetite product layer.  
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Figure 5.39. 1100°C, 2%CO-98%CO2, 3min, natural crystal, 
secondary electron image. 
 
 
 
 
Figure 5.40. 1100°C, 5%CO-95%CO2, 2min, natural crystal, 
secondary electron image. 
 
20 µm 
20 µm 
  
97 
 
 
Figure 5.41. 1100°C, 5%CO-95%CO2, 2min, natural crystal, 
backscattered electron image. 
 
 
 
 
Figure 5.42. 1100°C, 15%CO-85%CO2, 1min, natural crystal, 
secondary electron image. 
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Figure 5.43. 1100°C, 20%CO-80%CO2, 30s, natural crystal, 
secondary electron image. 
 
 
 
                                
Figure 5.44. 1100°C, 25%CO-75%CO2, 30s, natural crystal, 
secondary electron image. 
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In summary, the use of high resolution scanning electron microscopy has revealed a great deal of 
new information about the product structures formed on reduction of Fe2O3. 
These product structures appear at one extreme in the form of dense plate or lath structures; at the 
other extreme a product structure containing a network of fine dendritic pores in the order of less 
than 100nm in diameter.  
The structures and their sizes appear to depend on the gas composition, temperature and reaction 
time.  
A mixture of lath structures and relatively large pores has also been observed; this helps to explain 
the difference in preparing polished metallographic cross-sections of the samples since the porous 
regions of the samples become extremely delicate and are readily destroyed or damaged during 
mechanical polishing.  
The structures observed at these relatively high temperatures 800-1100°C relevant to CLC processing 
show geometric similarity to those previously observed at low temperatures in this system, and in 
analogous gas solid reactions.  
5.4 Morphology Maps 
Having obtained further information on the product morphologies formed over a range of process 
conditions an initial classification has been undertaken to assist in representation of these data. 
Three types of morphologies have been identified:  
 
1. Lath – only dense, lath-type magnetite observed (as observed by Brill-Edwards and Samuel, 1965; 
Bradshaw and Matyas, 1976; Swann and Tighe, 1977; Hayes and Grieveson, 1981; to Et-Tabirou et 
al., 1988) 
2. Porous – the gas pores that closely approach the Fe3O4/Fe2O3 interface (as observed by Swann 
and Tighe, 1977; Hayes and Grieveson, 1981; to Et-Tabirou et al., 1988) 
3. Mixed morphologies – consist of dense magnetite at the Fe3O4/Fe2O3 interface with the gas pores 
in the product oxide extending only part of the way from the outer surface to the Fe3O4/Fe2O3 
interface (this morphology was not explicitly observed by any previous studies) 
 
This classification of the three product morphology types has been used to summarize the results 
obtained in the present study, and is illustrated in Figure 5.45. 
 
The dense/lath morphology was observed at low thermodynamic driving forces at low CO 
concentrations; 2% CO for all temperatures (800-1100°C), below 5%CO for 1000°C and below 
10%CO for1100°C. Most samples observed at 1100°C would be considered to be of mixed morphology 
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since they contained instabilities/coarse pores close to the outer surface but formed dense magnetite 
after longer reaction times.  
 
In contrast, porous product morphologies were obtained at high thermodynamic driving forces and 
lower reaction temperatures (800-900°C). At 800°C porous reaction product was observed at a 
minimum of 10%CO, and at 900°C porous morphology was observed at a minimum of 20%CO. 
Conditions close to the porous regions could clearly be seen in transition whereby pores extended 
very close to the reaction interface, for example at 1000°C 25%CO and 800°C 5%CO.  
 
 
Figure 5.45. Morphologies of product magnetite phase formed on reduction of Fe2O3 in CO/CO2 gas 
mixtures. (PCO + PCO2 = 1atm). 
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5.5 Raman Spectroscopy of Reduced Hematite Samples 
Partially reduced hematite samples were examined Raman spectroscopy  to determine the phases 
present.  
1000°C in 1%CO in CO-CO2 
In pure hematite crystal partially reduced at these conditions lath structures were present at the 
Fe3O4/Fe2O3 interface.  
 
Figure 5.46. Raman line analysis map of partially reduced hematite reacted at 1000°C in 1%CO in 
CO-CO2 gas for 68 minutes. Analysis positions are indicated by point numbers on the vertical scale. 
A total of 31 points were analysed with a step increment of 1µm normal to the hematite/product 
interface (considering actual spot size was about 1-2µm, this meant some points analysed may 
overlap along the line map).  
The standard Raman spectra for pure hematite and pure magnetite are represented in Figure 5.47 
and Figure 5.48 respectively.  
At point 1, it can be seen in Figure 5.49 that the product phase is clearly pure magnetite. In 
contrast, the scanning areas around point 10 show both magnetite and hematite spectra (Figure 
5.50). In between the laths only hematite was detected (Figure 5.51).  
At the reaction interface of Fe3O4/Fe2O3 (around point 21), a mixture of hematite and magnetite was 
identified in the Raman spectra (Figure 5.52). In the original hematite crystal at point 31 only pure 
hematite was detected (Figure 5.53).  
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Figure 5.47. Pure hematite spectra from Raman  library spectra (green),  raw data (red) 
 
 
Figure 5.48. Pure magnetite with Raman library spectra (purple),  raw data (red) 
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   Figure 5.49. Point 1. Raman spectra of pure magnetite.  
 
 
 
Figure 5.50. Magnetite and hematite spectra detected around point 10 illustrating transition from 
magnetite to hematite in this area.  
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Figure 5.51 Hematite detected in between the laths (also around point 10): raw data (red) identified by 
Raman library hematite group (green). 
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Figure 5.52. Hematite and magnetite detected in interface: raw data (red) identified by Raman 
library hematite group (blue) and magnetite group (green). 
 
Figure 5.53. Hematite detected in original hematite crystal: raw data (red) identified by Raman 
library hematite group (green).  
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Important findings were that in between the magnetite laths is hematite, and that there exists a 
straight conversion from magnetite to hematite at the interface between laths and the Fe3O4/Fe2O3 
interface. 
1000°C in 10%CO in CO-CO2  
Under these conditions a porous magnetite product morphology is produced on reduction of pure 
hematite crystal (Figure 5.54 and Figure 5.55).    
 
Figure 5.54. Optical micrograph of sample analysed: natural hematite crystal partially reduced to 
magnetite at 1000°C in 10%CO-90%CO2 reactive gas for 80s.  
 
Figure 5.55. Raman line analysis map of sample represented in Figure 5.54. Analysis points marked 
on the vertical scale. 
Using a step increment of 1µm and a line map of 38 points were analysed (as illustrated in Figure 
5.55).  
At point 1, it can be seen in Figure 5.56 that the product phase is clearly pure magnetite.  
95 µm 
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On the line map it was detected that close to the Fe3O4/Fe2O3 reaction interface, a direct conversion 
also occurred from original hematite to product magnetite (Figures 5.57, 5.58 and 5.59). 
In conclusion, the direct conversion from hematite in the original oxide to magnetite in the product 
phase was found to occur when the porous magnetite is formed.  
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Figure 5.56 Magnetite detected in Raman spectroscopy at point 1 in the reduced magnetite product. 
 
 
Figure 5.57. Magnetite product phase detected close to reaction interface (point 25). 
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Figure 5.58. Magnetite product phase and original hematite phase detected at the interface (point 
26): raw data (red), Raman library hematite group (blue), magnetite group (green). 
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Figure 5.59 Original hematite phase detected after the interface (point 27): raw data (red) and 
Raman library hematite group (blue). 
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5.6 Summary 
 
In summary, the use of optical microscopy, high resolution SEM and Raman spectroscopy has 
revealed a great deal of new information about the transition from to Fe2O3 to Fe3O4 in CO-CO2 at 
high temperatures.  
It appears the product morphology formed is a function of both the thermodynamic driving force 
and the reaction temperature. Three types of product morphologies were observed: porous, mixed 
(dense/porous), and dense lath.  
Through Raman spectroscopy this high temperature transformation was also found to be one of a 
straight conversion from the hexagonal closed packed structure of hematite to the cubic close 
packed structure of magnetite.  
These findings are important in explaining the product morphologies/structures formed in the cyclic 
redox reactions of Fe2O3-Fe3O4 in a CLC reactor.   
 
 
 
 
  
  
112 
 
 
 
 
Chapter 6  
Reduction Kinetics 
  
  
113 
 
6.1 Introduction  
The studies on the gaseous reduction of dense hematite to magnetite provided in Chapter 5 have 
confirmed evidence obtained in early studies (Hayes and Grieveson, 1981; Baguley et al., 1983) that a 
transition from porous dendritic to lath-type product magnetite structures occurs with increasing 
reduction temperature and decreasing thermodynamic driving force.  
The feature of the dendritic product structures formed at lower temperatures and higher 
thermodynamic driving forces is that it allows continous direct contact between the reduction gas 
and the hematite throughout the process as the reaction front proceeds. This is a desirable outcome 
from the point of view of reducibility. The behaviour is analogous to a dendritic crystal growth 
commonly observed in solidification of melts; in this case of hematite reduction the products of the 
transformation are the gas pores and solid magnetite formed from the initial hematite single phase.  
The lath-type product structures on the other hand appear to progress into the original hematite as 
dense solid structures through a shear-like, solid state transformation mechanism; the driving force 
being generated by the chemical reaction at the gas external surface of the solid.  
It is reasonable to assume that the transformation mechanism that is active will influence the rates 
of transformation, however, there are very little reliable data to characterise this aspect of the 
reaction.  
In this study it has been illustrated in Chapter 5 that the magnetite product structure can be readily 
observed using fractured sections of partially reduced hematite. These same sections can be used to 
obtain estimates of the kinetics of reduction in CO/CO2 gas mixtures.  
 
6.2 Reaction Rate Data Determined from SEM Micrographs 
A summary of the conditions studied and the resulting product thicknesses taken from the SEM 
micrographs provided in Chapter 5 are provided in Table 6.1 for experiments from 800oC to 1100oC. 
The total gas pressure (CO + CO2) is 1 atm and the gas mixtures consist solely of high purity CO 
and CO2. The experiments were carried out for selected %CO and various times. The approximate 
product layer thicknesses in micrometers are provided for these corresponding times provided in 
seconds.. It is to be noted that there is some variation in the thickness of the product layer across 
each sample, there are a number of sources of these uncertainties. For example, these uncertainties 
arise from a) sample position and local gas flow around the sample surface, b)  errors in 
measurement associated with orientation of the sample surface in the SEM, and c) errors in reaction 
time. 
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Table 6.1 Hematite Reduction in CO/CO2 Gas (pCO + pCO2 = 1 atm.) 
Reaction temperature; Thickness  Time Average interface velocity 
%CO in CO-CO2 μm  s µm/s 
800°C       
5% 20 120 0.2 
15% 20 60 0.3 
20% 30 60 0.5 
25% 27 30 0.9 
900°C       
10% 27 60 0.5 
15% 67 60 1.1 
20% 35 30 1.2 
25% 37 30 1.2 
1000°C       
10% 40 40 1.0 
15% 54 60 0.9 
25% 40 30 1.3 
1100°C       
5% 60 120 0.5 
15% 60 60 1.0 
20% 50 30 1.7 
 
This data is plotted in Figures 6.1 to 6.4 and from the slopes of the lines the rates of growth are 
calculated. It is assumed the initial rates in these samples are independent of reaction time or 
product thickness. In general the product thicknesses in these observation are less than 50μm. 
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Figure 6.1. Magnetite product thickness on reduction of hematite in CO/CO2 gas mixtures 800
oC 
(pCO + pCO2 = 1 atm.). *Trend lines are for comparison purposes only.  
 
 
Figure 6.2. Magnetite product thickness on reduction of hematite in CO/CO2 gas mixtures 900
oC 
(pCO + pCO2 = 1 atm.). *Trend lines are for comparison purposes only. 
 
0
10
20
30
40
50
60
70
0 20 40 60 80 100 120
T
h
ic
k
n
e
s
s
 (
µ
m
) 
Time (s) 
5%CO
15%CO
20% CO
25%CO
0
10
20
30
40
50
60
70
0 20 40 60 80 100 120
T
h
ic
k
n
e
s
s
 (
µ
m
) 
Time (s) 
10%CO
15%CO
20% CO
25%CO
950°C 
  
116 
 
 
Figure 6.3. Magnetite product thickness on reduction of hematite in CO/CO2 gas mixtures 1000
oC 
(pCO + pCO2 = 1 atm.). *Trend lines are for comparison purposes only. 
 
 
Figure 6.4. Magnetite product thickness on reduction of hematite in CO/CO2 gas mixtures 1100
oC 
(pCO + pCO2 = 1 atm.). *Trend lines are for comparison purposes only. 
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The rates of growth are then plotted as a function of the %CO in the gas for each temperature; 
these graphs are represented in Figures 6.5 -6.8. Despite the fact that the original data set is 
relatively sparse, and there are some variability in the layer thickness in the samples, the rate data 
are remarkably consistent, providing linear relationships between growth rate and %CO. 
 
Figure 6.5. Reduction rate as function of %CO in CO/CO2 gas mixtures at 800
oC (pCO + pCO2 = 1 
atm.) 
 
 
Figure 6.6. Reduction rate as function of %CO in CO/CO2 gas mixtures at 900
oC (pCO + pCO2 = 1 
atm.) 
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Figure 6.7. Reduction rate as function of %CO in CO/CO2 gas mixtures at 1000
oC (pCO + pCO2 = 1 
atm.) 
 
 
 
Figure 6.8. Reduction rate as function of %CO in CO/CO2 gas mixtures at 1100
oC (pCO + pCO2 = 1 
atm.) 
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The slope of the rate constant vs %CO line is taken to be the effective rate constant, k (µm s-1 %CO-
1), for the reduction process. Assuming the process is described by an Arrhenius relationship of the 
form  
k = k’exp(-Q/RT)  (µm s-1 %CO-1)     (6.1) 
where k’ is a pre-exponential constant, Q is the apparent activation energy for the process 
and R is the gas constant, 8.314 J mol-1 K-1. Taking natural logarithms of both sides this 
becomes  
ln k = ln k’ – Q/RT        (6.2) 
A plot of k vs 1/T(K) is provided in Figure 6.9. 
 
 
Figure 6.9. Apparent reduction rate constant, k (µm s-1 %CO-1),, as function of inverse temperature 
(K). 
From the slope of the line, –Q/R = -0.439 x 104, the apparent activation energy for the reduction 
process, 
Q = 0.439 x 104 x 8.314 = 36,500 J mol-1 
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6.3 Polished Sections of Partially Reduced Hematite  
Additional experiments have been undertaken for the reduction of hematite samples in CO/CO2 gas 
atmospheres and polished sections of these partially reduced samples have been examined using the 
optical microscope. Examples of the microstructures obtained following reduction at 800°C and 
1000oC respectively are provided in the following section. Optical micrographs of cross sections of 
the samples are provided in Figures 6.10-6.11 (800°C) and Figures 6.12-6.13 (1000oC). In the optical 
micrographs, the light grey phase is the original dense hematite. The darker grey is the magnetite 
product layer. Within the product layer are black features that were originally thought to be the 
result of scratches or damage to the sample introduced during mechanical polishing; however the 
SEM micrographs provided in Chapter 5 clearly demonstrate that dendritic and columnar pores are 
formed in the reduced product layer. The mounting compound appears as the continuous black 
phase on the lower part of the micrographs. 
Some re-oxidation of the samples surfaces can be observed at the mounting compound/product 
interface; this is an artifact of the original quenching technique. Originally the samples were 
quenched in water but in later experiments samples were quenched in liquid nitrogen to avoid this 
problem and potential errors in interpretation of the microstructural changes that have occurred. 
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Figure 6.10a  Hematite reduced in 800oC; 38%CO, 62%CO2; 10s 
 
Figure 6.10b  Hematite reduced in 800oC; 38%CO, 62%CO2; 30s 
 
Figure 6.10c  Hematite reduced in 800oC; 38%CO, 62%CO2; 120s.  
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Figure 6.11a. Hematite reduced in 800oC; 6%CO, 94%CO2; 10s  
 
Figure 6.11b Hematite reduced in 800oC; 6%CO, 94%CO2; 30s  
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Figure 6.12a Hematite reduced in 1000oC; 13%CO, 87%CO2; 120s 
 
Figure 6.12b Hematite reduced in 1000oC; 13%CO, 87%CO2; 600s 
 
Figure 6.12c Hematite reduced in 1000oC; 13%CO, 87%CO2; 1800s 
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Figure 6.13a Hematite reduced in 1000oC; 5%CO, 95%CO2; 120s.  
 
Figure 6.13b. Hematite reduced in 1000oC; 5%CO, 95%CO2; 600s.  
 
Figure 6.13c.  Hematite reduced in 1000oC; 5%CO, 95%CO2; 1800s 
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6.3.1 Effect of Gas Composition on Magnetite Product Morpology 
Consistent with the findings in Chapter 5, inspection of the micrographs obtained at 800°C and 
1000oC clearly show a transition of product structure from dense lath to dendritic pores with 
increasing %CO in the reduction gas. In high CO conditions, Figures 6.10 show planar macroscopic 
reaction interface typical of porous eutectoid and dendritic growth reactions; Figures 6.13 show 
strongly directional growth at the interface, typical of the dense lath growth. 
6.3.2 Effect of Time/Thickness on Magnetite Product Morpology 
Figures 6.10a, 6.11a,b and 6.13a show that the thickness of the magnetite layer following short 
reaction times can be quite variable. These observations indicate that the frequency of nucleation of 
the product magnetite can be a significant factor under the reaction conditions investigated. In the 
present studies two parallel sides of the hematite samples were polished as part of the sample 
preparation procedure. It might be expected that the nucleation frequency on these polished surfaces 
may be lower than on fractured or ground surfaces; this would lead to some variability in the 
effective growth time of the magnetite product layer. 
Whilst the effect on overall thickness vs time becomes proportionally less as the product layer 
thickness increases it could be significant when considering the processing of fine particles, and may 
have to be incoporated as part of kinetic micromodels of the process. 
The data on thickness of product as a function of time should be treated with caution; the data that 
have been used in the present section refers to the maximum product layer thickness observed for a 
provided set of conditions. There are a number of factors that may result in observed values less 
than this, for example, the rate of growth may be influenced by crystal orientation; there may be 
some additional resistance to gas mass transfer to the particle surface and through the product layer 
particularly as the layer thickness increases. For these reasons the selection of the maximum 
thickness observed would appear to be the most reliable data at this stage of the investigation to 
assess the kinetics of reduction. 
Another important consequence of the change in gas composition within the porous product has 
been demonstrated in the present study; that is, if the the effective themodynamic driving force for 
reduction in the gas phase and the chemical reaction rate at the oxides is decreased below below a 
critical value at any temperature a transition in growth mechanism occurs. It has been illustrated 
(Chapter 5) that the structure changes from dendritic pores to lath magnetite at low CO partial 
pressures. 
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It is therefore reasonable to expect that the rate of growth of the porous magnetite product layer 
will be different from that of the lath growth, and that the rate may be influenced at some stage by 
the thickness of the product layer. 
Assuming a 1st order rate equation for the chemical reaction of CO at the gas /solid surface, the 
reaction rate is described by the equation, R, 
R = ΦCO. PCO.  (mol m
-2 s-1 atm-1)       6.3 
ΦCO is the apparent chemical rate constant, and PCO is the CO partial pressure. It can be seen from 
equation 6.3 that rate will decrease if the partial pressure of CO in the gas at the gas/oxide reaction 
interface, that is, the thermodynamic driving force for chemical reaction, ΔG, as a result of lower 
CO/CO2 in the gas phase, is reduced. 
It is expected that if the rate limiting reaction at the pore tip is rate limiting the rate will be 
independent of product thickness. In this scenario for the macro-planar geometry obtained in the 
present study the film or product layer thickness should increase linearly with increase of reaction 
time. The rate limiting reaction step in these gas solid reactions may also change with reaction time 
and product thickness. 
Figures 6.14 and 6.15 show the product thickness as a function of time for the reduction of hematite 
at 1000oC in 5 and 13%CO respectively. It is clear that after longer times, corresponding to greater 
product layer thickness, the rate of reduction decreases with time. The magnetite product thickness 
for a provided temperature and bulk gas composition appears to be described by the relation 
thickness vs (time)0.5 (see Figures 6.16 and 6.17). Whilst the optical micrographs in Figures 6.12 
appear to indicate the magnetite layer is dense the SEM micrographs in Figures 5.31-34 show that 
the structure contains very fine pores; the pore diameters in the product layer are less than a 
micron. The observations of decreasing rate with increasing product thickness are are consistent 
with mass transfer through the product layer as the rate limiting step. If the rate limiting processes 
is the gas phase mass transfer through the porous product the instantaneous flux of reductant gas 
CO, JCO, is provided by the relation 
JCO = Deff. PCO/dx      6.4 
where Deff. is the effective diffusion coefficient of CO through the porous product, PCO is the CO 
partial pressure in the gas phase, and dx is the magnetite product layer thickness. Deff is dependent 
on characteristics of the product layer, for example, pore size and tortuosity. At the one extreme this 
value will correspond to the diffuson coefficient in the free gas, at the other the Kudsen diffusion 
coefficient (Dieckmann, R., & Schmalzried, H, 1977). Provided the limited set of kinetic data that are 
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available at this stage it is not possible to provide a definitive descrption of the reaction rate model 
for this reaction.  
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Figure 6.14. Magnetite product thickness on hematite as a function of time; 1000oC; 5%CO, 95%CO2 
(PCO + PCO2 = 1atm.). 
 
 
Figure 6.15. Magnetite product thickness on hematite as a function of time; 1000oC; 13%CO, 87%CO2 
(PCO + PCO2 = 1atm.). 
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Figure 6.16 Magnetite product thickness on hematite as a function of (time)0.5; 1000oC; 13%CO, 
87%CO2 (PCO + PCO2 = 1atm.). 
 
 
Figure 6.17 Magnetite product thickness on hematite as a function of (time)0.5; 1000oC; 5%CO, 
95%CO2 (PCO + PCO2 = 1atm.). 
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6.4 Summary 
The kinetics of reduction of hematite to magnetite have been examined in the temperature range 
800-1100oC for gas conditions in which, using high resolution scanning electron microscopy, porous 
magnetite morphologies are observed. It has been illustrated that for small product thicknesses, i.e. 
less than approximately 50µm, assuming this initial rate was independent of product thickness, the 
growth rate is proportional to the CO partial pressure. The apparent activation energy in ths range 
of conditions was found to be approximately 36,500 J mol-1. 
For larger product thicknesses the growth of the product layer was illustrated to follow a parabolic 
rate law, whereby product layer thickness is proportional to reaction time0.5. This observation is 
consistent with gas phase mass transfer through the product layer as the rate limiting step at these 
longer reaction times and larger product layer thicknesses. The effective diffusion coefficient of the 
gas species may be influenced by the small diameter of the gas pores under these conditions, the 
presence of which were demonstated in Chapter 5 of the present study.  
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Chapter 7 
Oxidation of Magnetite to Hematite 
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7.1 Introduction 
Using the experimental technique described in Chapter 4 the oxidation of magnetite to hematite was 
undertaken in pure, dry air at temperatures between 800-1100°C.  
Range of temperatures in Air (21%O2, 78% N2) include: 800°C., 900°C., 1000°C., 1100°C. 
7.2 Oxidation of Magnetite to Hematite Viewed Under Optical Microscope 
The internal product morphology of hematite formed during the oxidation of pure dense magnetite 
at oxidation temperatures from 800°C to 1000°C is shown in Figures 7.1 and Figure 7.2. From these 
optical micrographs, it is apparent that only dense hematite is formed . In figure 7.1.a the dense 
hematite formed at 800°C appears as dense plates growing along the grain boundaries/cracks and in 
preferred crystallographic directions. Similar growth is observed in Figure 7.1.b for a temperature of 
1000°C and a time of 60s. In this micrograph, it can also be seen in the area indicated that laths can 
grow in more than one direction. 
Increasing the reaction time to 1 minute at 1000°C was found to form a smooth Fe2O3/Fe3O4 reaction 
interface as well as plate growth depending on the orientation of the sample. This combination of 
different structures is well represented in Figure 7.2 for a reaction time of 5 minutes.  
  
Figure 7.1. Optical micrographs of polished cross-sections of dense synthetic magnetite oxidized in 
air at a) 800°C for 10s, b) 1000°C for 60s.  
                                                           
Lath Fe2O3 
Dense Fe3O4 
10 µm 10 µm 
Dense Fe3O4 
a b 
Lath Fe2O3 
Dense Fe3O4 
Lath Fe2O3 
Figure 7.2. Optical micrograph of polished 
cross-sections of dense synthetic magnetite 
oxidized in air at 1000°C for 5 minutes. 
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7.3 Oxidation Viewed Under SEM  
7.3.1 Oxidative Growth at Surface 
The surface morphologies of hematite formed during the oxidation of magnetite at 1000°C are 
represented in Figures 7.3 to 7.6.  
In these SEM micrographs, it is apparent that varying degrees of oxidation of the magnetite surface 
has occurred. Hematite grains appear to preferentially nucleate and grow along defined 
crystallographic planes, as well as on the pre-existing magnetite grain boundaries and between the 
hematite shear bands that are freshly formed (Figures 7.3 to 7.7). As oxidation progresses the 
surface becomes completely covered by a layer of fine, sub-micron sized hematite nuclei. 
In Figure 7.3, the growth of hematite is seen to occur initially on well-defined planes (marked by the 
arrows). These, what appear to be, shear bands are approximately 2-4 µm apart and approximately 1 
µm in width. As the growth progresses the surface of magnetite is subsequently covered by the 
newly formed hematite grains (on the left side of Figure 7.3). At higher magnifications, as illustrated 
in Figure 7.4-7.7, preferential nucleation of hematite appears to be occurring on grain boundaries. 
This is in line with findings by McCarty et al., (2014) who found the nucleation of hematite at 600°C 
had preference to growing along the <110> directions of magnetite. This is also consistent with 
growth on oxygen closed packed {111} magnetite planes (see section 2.1.4 of the literature review of 
this study).  
In addition, Figure 7.5 and Figure 7.6 show growth of whiskers from the shear bands and the 
boundary growth. These whiskers appear to grow out from the surface, and may represent the first 
stages of growth of the hematite from the super-saturated magnetite.  
 
 
 
 
 
 
 
 
 
  
134 
 
 
Figure 7.3. 1000°C, pure air, 1min, synthesised magnetite 
 
 
 
Figure 7.4. 1000°C, pure air, 1min, synthesised magnetite 
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Figure 7.5. 1000°C, pure air, 1min, synthesised magnetite  
 
 
 
Figure 7.6. 1000°C, pure air, 1min, synthesised magnetite.  
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7.3.2 Oxidative Growth at Interface 
The internal product morphologies observed following oxidation temperatures from 800°C to 1100°C, 
are represented in the examples provided in Figures 7.8 to 7.10. The phase contrast obtained in 
optical micrographs, which makes it possible to clearly distinguish between the magnetite and 
hematite phases, is not possible with use of the SEM particurlly in back-scattered mode; the 
distinctions must be made in terms of physical structure. In all these examples it can be seen that a 
consistent blocky, dense type of growth occurs at all these temperatures. 
At 800°C, shown in Figure 7.9, the hematite is in the form of blocky grains and the original 
magnetite oxide appears as a smooth dense phase; at the interface between the two there are traces 
of the facetted growth structure; examples are provided for in the conditions of oxidation at 1100°C 
in Figure 7.9 and Figure 7.10. In Figure 7.9, the blocky growth also appears on the interior of the 
sample, growing from the cracks in the synthesised magnetite from pure dense iron. In Figure 7.10 
reveals the angular structure of the new hematite. In contrast to findings in the optical micrographs, 
the clear presence of laths could not be determined, however, both forms of growth are dense.  
 
 
Figure 7.8. SEM micrograph illustrating hematite formation on synthesized magnetite oxidized in air at 800°C 
for 3 minutes 
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Figure 7.9 SEM micrograph illustrating hematite formation in pre-existing cracks in the the 
structure. Cross section of synthesized magnetite oxidized in air at 1100°C for 1 minute 
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Figure 7.10. SEM micrograph illustrating the formation of hematite nuclei on the magnetite surface. Cross 
section of synthesized magnetite oxidized in air at 1100°C for 1 minute 
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7.4 Raman Analysis of Oxidized Samples  
Synthetic magnetite oxidized in air at 1000°C for 5 minutes was examined using the Raman laser, as 
represented in Figure 7.11 and Figure 7.12. The oxidized phase hematite can be seen as the light 
colour (almost white). Magnetite in contrast is the darker phase enclosed in the hematite layer.  
 
Figure 7.11. Cross-section of synthesized magnetite oxidized in air at 1000°C for 5 minutes. Centre is 
analysis area.  
 
 
Figure 7.12 Raman map area of detail in the sample in Fig. 7.11. 
 
The standard Raman spectra for pure hematite and pure magnetite are represented in Figures 7.13 
(a) and (b) respectively.  
In Figure 7.14 shows the Raman spectra in: a) pure magnetite in the original oxide; and in b) a 
mixture of hematite and magnetite found in the oxidized part of the sample. The mixture of 
hematite and magnetite is likely indicative of the spot size of the laser (1.5-2 µm) where it is too big 
to show the two phases separately.  
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In Figure 7.15 to 7.17 the laser beam is moved progressively across the sample. In this series, it can 
be seen that there is the original magnetite phase (Figure 7.15), and near to the interface a mixture 
of magnetite and hematite (Figure 7.16), and into the newly-formed hematite, there is pure hematite 
(Figure 7.17).  
Consequently, these series of Raman spectra across a partially oxidized magnetite sample indicate 
that there are only two phases present – magnetite and hematite – and that the transition from 
magnetite to hematite at high temperatures is a direct conversion that does not involve any 
transitional phases, such as, maghemite.  
  
  
141 
 
 
Figure 7.13. Raman spectra hematite standard. Raw data is red. Green line represents the magnetite 
spectrum.  
 
 
Figure 7.14. Raman spectra magnetite standard. Raw data is red. Purple represents library hematite 
spectrum. 
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Figure 7.15. Raman spectrum of magnetite in the original part of the sample 
 
 
 
 
Figure 7.16. Raman spectrum of a mixture of hematite and magnetite  
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Figure 7.17. Raman spectrum of pure hematite. 
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7.5 Summary of Oxidation of Magnetite to Hematite 
In summary, the use of optical microscopy, high resolution SEM and Raman spectroscopy has 
revealed a great deal of new information about the transition from Fe3O4 to Fe2O3 in air at high 
temperatures.  
In contrast to the findings of reduction, there appears to be only one kind of product structure in 
the high temperature range of 800-1100°C, which is dense and blocky. The transition from magnetite 
to hematite does not involve any intermediate crystallographic forms. The nucleation of the hematite 
also appears to be crystallographically-aligned to the related dense packed planes of Fe2O3 and Fe3O4 
that has been discussed in section 2.1.4 of the literature review of this study.  
These findings are important in explaining the product morphologies/structures formed in the cyclic 
redox reactions of Fe2O3-Fe3O4 in a CLC reactor.   
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Chapter 8 
Results of Cycling Between Reducing and Oxidizing 
Environments 
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8.1 Introduction 
To simulate the process conditions anticipated with the use of oxygen carriers in the CLC process, a 
natural dense hematite single crystal was used in repeated reduction and oxidation cycles each at 30 
second intervals for 1 cycle, 10 cycles and 100 cycles. The oxidation stage was performed at 900°C in 
an oxidizing environment of pure air to form hematite. The reducing stage was performed at 900°C 
in 25%CO-75%CO2, i.e. in an oxygen partial pressure that results in the formation of magnetite.  
Summary of Conditions tested for cycling are provided in Table 8.X below.  
Table 8.1 Summary of Cyclic conditions tested. 
Temperature 900°C 
Reducing gas; oxidizing gas 25%CO- 75%CO2; pure air 
Total cycles 1, 10, 100, 200, 1000 
 
8.2. Morphology After 1 Cycle Under SEM  
The start of the cycle is the reduction reaction. Examples of the internal product morphology (cross 
section of the sample) obtained after one reduction/oxidation cycle are represented in figures 8.1 to 
8.6.  
In Figure 8.1 (SEM) and 8.2 (BSE) the extensive porosity of fine tunnels extending from the outer 
surface of the sample to the Fe2O3/Fe3O4 interface can be clearly seen. From these micrographs it is 
apparent that porous growth occurs exactly as reported earlier in the present study (Chapter 5)to 
that observed for the same reduction conditions of 25%CO-75%CO2 and 900°C. The total product 
thickness is approximately 45 µm. The primary dendrite stems and associated side arms are clearly 
identifiable. 
A closer view of the gas/surface interface is shown in Figure 8.4 where there appears to be a blocky 
and dense hematite layer formed on the free surface. This is consistent with the blocky dense type of 
morphology formed on oxidation illustrated in the previous section (Chapter 7). 
Closer views of the fine tunnels in the bulk of the reaction layer in Figure 8.3 are shown in Figures 
8.5 and 8.6. The widths of these dendritic stems are approximately 250nm. From the main stems 
side branches about 1 µm long propagate at regular angles. It appears the main stems of these 
tunnel structures can extend from the beginning of the porous phase to the reaction interface 
(about 40µm long).  
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Figure 8.1. 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized in air 30s intervals, 
natural crystal (SEM). 
 
 
 
Figure 8..2 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized in air at 30s intervals, 
natural crystal (BSE). 
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Figure 8.3. 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized in air at 30s intervals, 
natural crystal (SEM). 
 
 
 
Figure 8.4. 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized in air at 30s intervals, 
natural crystal (SEM). Outer surface of particle.  
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Figure 8.5. 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized in air at 30s intervals, 
natural crystal (SEM). Detail of Fig. 8.3. 
 
 
 
Figure 8.6. 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized in air at 30s intervals, 
natural crystal (SEM). Detail of Fig. 8.5. 
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8.3. Morphology of 10 Cycles Under SEM  
8.3.1. Interface for 10 Cycles 
The internal product morphology, formed on the originally dense hematite, after 10 cycles of 
reduction/oxidation is represented in Figures 8.7 to 8.12. The cross sections provided in Figures 8.7 
to 8.10 shows the product morphology close to the gas/solid interface. There are relatively large scale 
pores that grow perpendicular to the gas/solid surface. The surfaces of these pores are covered in a 
thin dense blocky hematite phase. In between the larger pores are dense areas are typically between 
10-25µm in diameter. The larger pores range from 2-5µm in diameter while the blocky dense 
hematite layer is approximately 3µm in thickness (Figure 8.12). The total product thickness is 
between 100-130µm. 
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Figure 8.7. 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2, gas and oxidized in air at 30s 
intervals, natural crystal (SEM) 
 
 
 
Figure 8.8 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (BSE of Fig.8.7) 
 
20 µm 
20 µm 
  
152 
 
 
Figure 8.9. 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (SEM). 
 
 
 
Figure 8.10. 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (SEM). 
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Figure 8.11 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (SEM). 
 
 
 
Figure 8.12 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (BSE). 
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8.3.2. Surface for 10 Cycles 
The outer surface morphology of hematite after 10 reduction/oxidation cycles is represented in 
figures 8.13 to 8.16. In Figure 8.13 and Figure 8.14, where the surface appears as clusters of 
microporous grains surrounded by coarse tunnels. The backscatter image in Figure 8.14 provides an 
indication on the high degree of porosity inside the clusters. These grain size of these clusters are 
between 25-85µm in diameter, with a mean diameter of 60µm wide. The coarse tunnels surrounding 
these grains are between 4-20µm wide with a mean width of 10µm.    
A closer view of these microporous clusters is provided in Figure 8.15 and Figure 8.16. In these 
images the morphology is seen more clearly of these clusters that are made up of clearly an angular 
blocky kind of growth with pore sizes in the range of 0.3-1.3µm diameter.  
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Figure 8.13 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals., natural crystal (SEM). 
 
 
Figure 8.14 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (BSE of Fig.8.13). 
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Figure 8.15 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (SEM) 
 
 
Figure 8.16. 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 30s 
intervals, natural crystal (BSE of Fig.8.15). 
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8.4. Morphology After 100 Cycles  
The product morphologies observed after 100 cycles of reduction and oxidation are represented in 
Figures 8.17 to 8.23.  
In Figure 8.17, a view of the complete sample with surface and cross section is provided. It is 
important to note, that as per findings after 10 cycles, the sample has not broken up after the many 
cycles of oxidation and reduction. In fact, there remains an unreacted core of hematite. Up to 
approximately the first 120µm layer of the sample contains a high density of coarse porous tunnels 
(similar to that seen after 10 cycles). The next 170µm layer is characterised by widely dispersed 
course tunnels with a branch-like structure. This inner layer is not of importance in consideration of 
the particle size of interest in CLC operation; as it is the outer porous layer that would occur in 
particle sizes of approximately 100µm diameter. The surface of the sample also appears as a cluster 
of microporous grains surrounded by coarse tunnels, as observed after 10 cycles.  
 
Figure 8.17. Surface and interface of hematite 100 cycles at 900°C, alternately reduced in 25%CO-
75%CO2 gas and oxidized in air at 30s intervals, natural crystal. 
 
Cross sections of the outer porous layer are provided in Figures 8.18 to 8.23. In Figures 8.18 and 
8.19, the overall appearance of the internal product structure can be seen. In this, the micro-pore 
sizes are between 10-30µm, and on average 15µm, in diameter. Figures 8.20 and 8.21 show high 
magnification images of sections of these grains. It can be seen that these grains consist of a 
relatively dense core of magnetite formed during the initial reduction period surrounded by a 
relatively thin layer of dense hematite. This is clearly illustrated in Figure 8.22, where the smooth 
200 µm 
  
158 
 
dense phase is surrounded by the blocky oxidized phase of approximately 2µm thickness. Figure 8.23 
provides a more detailed view of the grains exhibiting a very angular dense growth.  
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Figure 8.18. 100 cycles at 900°C, alternately oxidized in air and reduced in 25%CO-75%CO2 gas and 
oxidized in air at 30s intervals, natural crystal (SEM). 
 
 
 
 
Figure 8.19. 100 cycles at 900°C, alternately oxidized in air and reduced in 25%CO-75%CO2 gas and 
oxidized in air at 30s intervals, natural crystal (BSE of Fig. 8.18). 
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Figure 8.20. 100 cycles at 900°C, alternately oxidized in air and reduced in 25%CO-75%CO2 gas and 
oxidized in air at 30s intervals, natural crystal (SEM). 
 
 
 
 
Figure 8.21. 100 cycles at 900°C, alternately oxidized in air and reduced in 25%CO-75%CO2  gas and 
oxidized in air at 30s intervals, natural crystal (BSE of Fig. 8.20). 
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Figure 8.22. 100 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 
30s intervals, natural crystal (SEM). 
 
 
 
 
Figure 8.23. 100 cycles at 900°C, alternately oxidized in air and reduced in 25%CO-75%CO2 gas and 
oxidized in air at 30s intervals, natural crystal (SEM). 
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8.5 Morphology After 200 and 1000 Cycles 
After 200 cycles the particles remained intact. After 1000 cycles of reduction and oxidation the 
samples were found to completely disintegrate into fine particles. It is speculated that the presence 
of the unreacted core is important in providing a stable framework or structure on which the cyclic 
reduction/oxidation reactions can take place. In the present experiments the thickness of the product 
layer reached 120 µm in 100 cycles; if it is necessary to retain a solid core for this number of cycles 
then a minimum particle size of 250 µm diameter is necessary. If the theory is correct then a larger 
particle sizes should be used to obtain a longer useful product life. Under this hypothesis using a 
particles of diameter less than 250m would result in particle disintegration in less than 100 cycles. 
8.6 Summary of Cycling  
In summary, the use high resolution SEM for examination of the internal cross sections and surfaces 
of cycled hematite particles has revealed a great deal of new information about the changes in 
product structure that occur with the number of cycles.   
Using carefully controlled experimental conditions of temperature, gas concentration and gas flow, it 
has been illustrated that the particles can withstand a great deal of cycles with little cIhange 
observed from 10 to 100 cycles. Consequently, the reactivity of the particles would be maintained as 
well as their physical properties. At higher numbers of cycles, under the conditions investigated, the 
particles were found to disintegrate into fine particles. It is hypothesised that this limit in useful life 
of the natural ore is directly related to core remaining at any provided time; this being the case the 
useful life of the hematite oxygen carrier material will increases with increase in particle size. It is 
also to be noted that this environment does not mimic the physical attrition that is expected to 
occur in a fluidized bed reactor as a result of the collision between the particles.  
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Chapter 9  
Discussion 
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9.1 Reduction of Hematite to Magnetite 
9.1.1 Elementary Reactions 
In its simplest form the overall reduction of Fe2O3 to Fe3O4 with CO gas is described by the equation 
CO(g) + 3Fe2O3 → CO2(g) + 2Fe3O4     9.1 
In reality this heterogeneous reaction involves a number of elementary reaction steps and sub-
processes. Some of these steps are well established through the findings obtained in previous 
research and some are more fully understood through the results obtained in the present study.   
In general, the reaction between gas and solid can be described as a series of reactions involving 
mass transfer of reactants to and products from the reaction interface, and chemical reaction taking 
place at one or more interfaces depending on the complexity of the system (Sohn, 2013). These 
initial steps in the reduction process are illustrated schematically in Figure 9.1. 
  CO(g)                    CO2 (g)   Counter-current gas phase mass  transfer   
 
CO + O2-  →  CO2 + 2e
-   Chemical reaction 2Fe3+ + 3e- →   2Fe3+  
 solid state Fe3+ diffusion + electron conduction + Fe3O4 nucleation and growth  
 
Fig. 9.1 Schematic of possible chemical reactions and mass transport pathways at the gas/oxide  
interface on reduction of Fe2O3. 
In the case of hematite reduction, a new solid magnetite is formed and a change in crystal structure 
is occurring as the reaction proceeds. It is useful for the subsequent development of the discussion 
to identify some of these steps in the process. 
In the system involving the reduction of hematite in a CO/CO2 gas mixture there is counter-current 
mass transfer of CO gas from the bulk gas to the gas/solid reaction interface and mass transfer of 
product CO2 from the reaction interface into the bulk gas. 
The gas species are adsorbed at the solid interface. The iron oxide can be regarded as an ionic solid 
with oxygen present as O2- ions. Chemical reaction between the adsorbed CO and the oxygen ions in 
the oxide at the gas /solid interface can be described by reaction 9.2 
CO(ads) + O2-(oxide) →   CO2(ads) + 2e
-     9.2 
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In addition to the free electrons generated as a result of the oxygen ion removal the removal of the 
oxygen to the gas phase will result in iron 3+ ions concentrations in solid solution in the remaining 
hematite at the gas/iron oxide interface that are in excess of the equilibrium between Fe3O4 and 
Fe2O3. This level of supersaturation of cations leads to the nucleation of the magnetite phase through 
the reaction provided in equation 9.3 
Fe3+(oxide) + 3e- + 4Fe3+2O
2-
3(hematite) → 3{Fe
2+O.Fe3+2O
2-
3}(magnetite)      9.3 
These are reaction steps that are well accepted, however, previous studies have established that the 
relative rates of the fundamental reaction steps and transport processes lead to different product 
structures and also determine the overall kinetics of the reduction process (Hayes, 2011, 2013). 
Gas Phase Mass Transfer 
At low linear gas flow rates gas phase mass transfer can be the rate limiting step in the reaction 
sequence. The significance of this is that the composition of the gas at the gas/solid reaction 
interface will be very different from that in the bulk gas. In the limit this value will approach the 
equilibrium between the gas and solid oxide. The exact value is dependent on many factors including 
the particle geometry species present and temperature. This not only makes interpretation of the 
influence of gas phase composition on the outcomes of the reactions very difficult but also does not 
make efficient use of the available thermodynamic driving force for chemical change in the process.  
To overcome this difficulty in the present study the apparatus has been carefully designed to 
maintain a high linear gas velocity over the solid surface and in doing so maintain a high rate of 
transfer of the reactant CO gas from the bulk gas to the surface of the dense oxide. The results 
obtained in the present study are therefore assumed not to be influenced by gas phase mass transfer 
from the bulk gas to the particle surface. 
In addition, the potential influence of gas phase mass transfer in macro-pores, such as those present 
in porous or granular solids, has been avoided in the present study through the use of dense starting 
crystals of hematite, and the focus on the initial stages of reduction when the product layers 
thickness is small. 
9.1.2. Nucleation  
In studies carried out on the reduction of hematite to magnetite at low temperatures 300-500oC 
[Hayes and Grieveson, 1981a, p319] it has been illustrated that at these low temperatures the 
nucleation of magnetite phase can be relatively slow so that it takes some time for the reaction 
surface to be covered with product magnetite. This results in a gradual increase in the overall rate of 
reduction of the sample with time rather than having a maximum rate at the start, which would be 
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anticipated if the reaction were to occur across the whole interface from time zero. This 
phenomenon is to be anticipated at low temperatures and low thermodynamic driving force for 
reduction, i.e. low %CO in CO/CO2 gas mixtures. Observations at low temperature conditions 
[Swann and Tighe (1977), Porter and Swann (1977), Hayes and Grieveson (1981b)] indicate that the 
nucleation of magnetite occurs through the formation of lath magnetite, and that the nucleation 
frequency accelerates with increasing number of nuclei due to the internal stresses induced in the 
hematite matrix. There is also evidence to suggest that at as the sizes of the nuclei increase  the 
hematite/magnetite interface of these nuclei changes from coherent to. There is also some evidence 
from SEM micrographs of the particle surface at short reaction times (Hayes and Grieveson (1981b),) 
to indicate that direct formation of porous magnetite can also occur. 
In the present studies have been focussed on reactions that take place in the range 800-1100oC 
relevant to CLC processing. The observations indicate that even within a matter of seconds, 
nucleation of the product solid has taken place across most of the particle surface. Provided the 
relatively short residence times of the particles in the fluidised bed reactors used in CLC process the 
possible influence of nucleation phenomena on the overall rate should be considered, as indicated in 
the recent analysis by Monazam et al. (2014). 
9.1.3 Product Morphologies on Reduction of Hematite to Magnetite  
The present and previous research has found that the magnetite formed on the gaseous reduction of 
hematite can be in the form of a number of different product morphologies. These morphologies 
appear to grow through different mechanisms; coherent “lath” magnetite growth, dense “blocky” 
magnetite, through the formation of gas pores in the magnetite, and coupled growth of pores and 
product magnetite forming a eutectoid type of morphology. 
Swann and Tighe (1977) demonstrated, through use of in situ observations of hematite reduction at 
low temperatures, that the porous magnetite structure can extend all the way to the 
hematite/magnetite interface, and that fine, , 6-10nm diameter rod-like pores, were formed. These 
structures are analogous eutectic structures formed in alloy solidification. It was proposed that these 
gas pores were formed by the removal of oxygen into the reducing environment at the base of the 
tunnels. The excess iron ions created would then become supersaturated and diffuses away from the 
pore tip and parallel to the reaction interface along the hematite/magnetite phase boundary to form 
the surrounding magnetite phase. A schematic diagram of this proposed mechanism is provided in 
Figure 9.2.  
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Fig 9.2 Schematic diagram of the formation of tunnels in the reduction of Fe2O3 to Fe3O4 (Swann 
and Tighe, 1977) 
Hayes and Grieveson (1981b) added chemical reaction on the hematite, surface diffusion on the 
hematite and bulk diffusion of ions into the bulk hematite as additional elementary processes taking 
place in the region of the reaction interface. 
 
Figure 9.3 Elementary reaction steps taking place during the formation of porous magnetite on 
reduction of hematite (Hayes and Grieveson, 1981b).  
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9.1.4 Conditions for Porous Oxide Formation 
The experimental results obtained on the reduction of hematite to magnetite in CO/CO2 gas 
mixtures in selected temperatures in the range 800-1100oC were presented in Chapter 5. As a result 
of this systematic study a range of product morphologies and microstructures were identified; these 
were found to vary with gas composition and temperature. The product morphologies, which were 
examined using high resolution scanning electron microscopy (SEM), were classified into three 
principal types, lath, mixed and porous magnetite; the gas conditions and temperatures conditions 
under which these three types were observed were summarised in Fig.5.45. It is clear that the 
porous magnetite product structures and the reaction interfaces between hematite and magnetite 
differ from those illustrated in Figure 9.2 and 9.3. These differences can be explained with reference 
to more recent research on gas/solid reactions.  
The general moving interface problem that is observed in the gaseous reduction of solid oxides has 
been discussed by Hayes (2011). The removal of oxygen from the surface of the oxide by the reaction 
gas results in not only the advance of the interface but also the generation of excess of cations at the 
gas/oxide interface as shown schematically in Figure 9.4.  
 
Fig. 9.4 Schematic cross section of the reaction interface illustrating the reaction between gas and a 
dense planar solid oxide surface (Hayes, 2011) 
From this initial planar surface as oxygen is removed from the surface, the structure of the interface 
may remain macro-structurally planar or evolve into different shapes. Building on the theories 
developed to describe the solidification of melts (Kurz and Fisher, 1989). Hayes (2011) has proposed 
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that for isothermal conditions on reduction the oxide interface decomposes in a non-planar manner, 
forming continuous “gas pores” in the oxide, if 
ΔGreaction/dz < (Cinterface – Cbulk)V/D     9.4 
Where: 
 ΔG is the thermodynamic driving force for reduction, i.e. for reduction in CO-CO2 gas 
mixtures ΔGreaction = RTln[(PCO/PCO2)ox./( PCO/PCO2)gas], where [(PCO/PCO2)ox./( PCO/PCO2)gas],  is the 
ratio of CO and CO2 gas partial pressures for the equilibria between the oxide phase and gas 
phases respectively at temperature T(K) and R is the Gas constant; 
 ΔGreaction/dz is the thermodynamic potential gradient in the oxide at the gas/solid interface;  
 V is the maximum theoretical oxide interface velocity that can be achieved on reaction with 
the reactive gas, which is directly related to the chemical reaction rate between gas and 
oxide, 
  Cinterface and Cbulk are the metal cation concentrations at the gas/solid interface and in the 
bulk oxide respectively, and  
 D is the cation diffusion coefficient in the bulk oxide 
According to the proposed theory at low thermodynamic driving forces and low chemical reaction 
rates the movement of ions in the solid by surface or bulk diffusion is rapid compared to the net 
removal of oxygen from the interface, i.e. the interface velocity, V. In these situations the interface 
profile remains planar as the reaction proceeds. As the thermodynamic driving forces and low 
chemical reaction rates increase and the net removal of oxygen from the interface reaches a critical 
value Vcrit the interface becomes inherently unstable, i.e. gas tunnels are spontaneously formed as a 
result of reaction with the gas as illustrated schematically in Figure 9.5. 
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Fig. 9.5 Schematic illustration of the progressive growth of an instability on a solid oxide surface 
during decomposition in a reactive gas mixture (Matthew, St John and Hayes, 1984; Hayes, 2011)  
On the basis of the analogous structures observed in the solidification of melts it was argued that, 
for conditions where the critical conditions for instability formation are just achieved, the gas 
tunnels will be in the form of columnar pores, which essentially form a rod or cellular structure 
from the gas/solid interface into the bulk solid (see Figure 9.6). At higher driving forces and 
interface velocities the walls of the gas pores become unstable and form side arms, resulting in 
dendrite–like structures. These dendritic structures have a central large stem pore and connecting 
smaller side arms or pores. The gas pores can only grow if suitable diffusion fields are created 
around the growing interface, the individual gas dendrites are not connected to adjacent dendrites. 
Adjacent dendrites may approach each other but stop short of cross linking to each other because 
the difference in concentration of cations between the interface and the bulk decreases as adjacent 
pores approach each other, and conditions for instability growth are not achieved. 
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Fig. 9.6 Schematic diagram illustrating the relationship between the stability criteria for porous 
growth and the product microstructure (adapted from Hayes, 2011). 
This concept can be applied to the present study on the reduction of hematite to magnetite taking 
into account the change in the boundary conditions associated with the phase transformation of 
hematite to magnetite taking place ahead of the moving gas/oxide interface. 
9.1.5 Microstructures Formed on Reduction of Hematite 
Porous Magnetite 
It has been demonstrated in the present study that, over a wide range of conditions from 5-25%CO 
and 800-1100oC, the initial planar surface of the particle is altered through the formation of 
instabilities during reduction; the extent to which these instabilities penetrate into the sample varies 
with process conditions. The gas pores may appear as columnar or dendritic pores depending on the 
process conditions. The mean spacing between the pores increases with increasing temperature and 
decreasing thermodynamic driving force (essentially with decreasing CO/CO2 ratio). At high 
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thermodynamic driving forces, i.e. high %CO, the dendritic gas pores penetrate all the way from the 
particle surface to the hematite/magnetite interface; see, for example, Figure 5.15, 800°C, 
25%CO/85%CO2, 30s. On the other hand, reduction of hematite in the same gas mixture at 1100
oC 
results in columnar gas pores, which extend only part the way into the product layer; in Figure 5.44 
the pore depth is only approximately 10μm, well short of the product layer thickness of 40μm 
formed at that reaction time. Inspection of particle cross-sections obtained at different reaction 
times indicates that the growth of the surface pores appears to have halted after this initial 
penetration.  
It has also been observed that in the samples in which the gas pores penetrate to the 
hematite/magnetite phase boundary, the product layer thickness continues to increase at constant 
rate with this product morphology (Chapter 6). For those conditions in which the pores do not 
penetrate to the phase boundary the rate of reduction progressively decreases. What appears to 
happening in these latter process conditions is that the instabilities in the oxide form initially on the 
surfaces of the samples but the local conditions for instability formation are not maintained 
throughout the whole reaction. 
This change in behaviour with increasing temperatures appears to coincide with the increased range 
of non-stoichiometry in the magnetite product phase and the increase in bulk diffusion coefficients 
relative to interfacial diffusion coefficients (Dieckmann, R., & Schmalzried, H, 1977). The increase in 
non-stoichiometry and bulk diffusion rate in magnetite enables excess iron ions generated by the 
chemical reaction at the gas/solid interface to be transported into the bulk magnetite, in addition to 
iron ion transport along the hematite/magnetite phase boundary.  
The activation energies for diffusion of Fe in Fe2O3 is 360, 000  J mol
-1 (Sabioni et al. 2005), Fe in 
Fe3O4  is 614, 000  J mol
-1 (D i e ckmann  et al., 1981), O in Fe2O3 is 405, 000 J mol
-1 (Reddy and 
Cooper, 1983), O in Fe3O4 is 188,100 J mol
-1 O (Giletti and Hess, 1988). 
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Fig. 9.7 Schematic of chemical reactions and mass transport processes in the region of the pore tip 
on reduction of Fe2O3 at high temperature. 
As the temperature of the system is decreased the relative contributions of bulk and interfacial 
diffusion to the movement of iron ions in the magnetite ahead of the growing pores change. Since 
the magnetite at low temperatures is only stable over a narrow range of bulk compositions, closely 
approaching stoichiometric Fe3O4 the diffusive flux through the bulk oxide is restricted; the 
dominant mechanism of mass transfer of iron ions at the pore tip becomes interfacial diffusion along 
the magnetite/hematite interphase boundary. In the limit the intervening magnetite layer between 
gas and hematite disappears and there is direct contact between gas and hematite. Under these 
coupled reaction conditions the rate of transfer of iron ions along the interfacial boundary is 
sufficient to balance the rate of generation of the excess iron ions through the chemical reaction at 
the pore tip. The pore spacing is determined by the relative rates of these two processes. In eutectic 
and eutectoid reactions observed in solidification the pore spacing, λ, and the interface velocity, V. 
are related though equation of the form, Vλ2 = K (Fleming, Kurz and Fischer). In effect the product 
morphologies formed under these conditions resemble the combination of those described by Swann 
and Tighe (Fig 9.2), Hayes and Grieveson (Fig 9.3) and Hayes (Fig 9.6) and that shown in Figure 9.1, 
and illustrated schematically in Figure 9.7.  
 
CO + O2-  →   CO2 + 2e
-                      
Chemical reaction   
  solid state   Fe2+ diffusion 
Fe2O3  
Fe3-δO4  
Fe3+ + 3e- + 4Fe2O3 → 3FeO.Fe2O3       phase transformation    
Fe3-δO4  
CO(g) 
CO2(g) 
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Dense Magnetite 
It has been clearly established in the present and in previous studies that a dense magnetite 
structures can be formed on reduction of hematite. It has been found (Swann and Tighe, 1977, 
Porter and Swann, 1977, Hayes and Grieveson, 1981b) that the growth of the magnetite product can 
occur through the formation of dense laths. These laths can penetrate preferentially on the close-
packed oxygen planes of hematite and in selected <120>-Fe2O3 crystal directions (see Fig. 9.8), and 
form a coherent phase boundary with the hematite matrix.  
It has been demonstrated in the present investigation, using Raman spectroscopy (Chapter 5.5), that 
lath magnetite is formed directly from reduction of hematite rather than through an intermediate, 
metastable maghemite phase, as proposed earlier (Hayes and Grieveson, 1981b).  
Swann and Tighe (1977) (Fig. 6) reported that at high temperatures blocky dense magnetite grains 
had different orientation relationships to the plates or laths, that the hematite/magnetite interface is 
not coherent in these cases and the growth of the blocky magnetite occurs in all directions. In the 
present study the metallographic evidence (see Figs 5.2b-d) clearly indicates that even at 1000oC the 
interface between hematite and magnetite can be facetted, and that growth occurs predominantly on 
specific crystal planes and in specific directions. The micrographs illustrating the asymmetric shape 
of the tip of the laths (Fig.5.2) support the view of Swann and Tighe (1977) that one of the 
interfaces between hematite and magnetite is incoherent and not mobile during the growth of the 
laths.  
 
Figure 9.8. Schematic of lath morphology formed on gaseous reduction of hematite (after Hayes and 
Grieveson, 1981b) 
Swann and Tighe (1977) also reported the formation of dense, equiaxed “blocky” grains of magnetite 
in the reduced material. TEM studies demonstrated that these grains did not have any preferred 
orientation relationship with surrounding grains, that dislocation densities within the grains were 
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significantly lower than in the lath structures (Fig.10) and also contained internal twinned crystal 
structures (Fig. 6). The microstructures are consistent with observations in other aspects of material 
science where materials have undergone recrystallization and grain growth of initial solid phases. 
The principal driving forces for the internal restructuring of the materials are the reduction in strain 
energy in the materials (reduce dislocation density) and the reduction of interfacial area. Since it has 
been illustrated in the present study that the hematite and magnetite growth interface remains 
facetted and that growth occurs preferentially in specific directions the more likely explanation for 
the appearance of the “blocky” grains is that they are generated as a secondary process after the 
formation of the initial magnetite laths.  
The observations by Swann and Tighe (Fig. 9) in a polished cross section of apparently isolated 
magnetite grains in polycrystalline hematite was taken as evidence for homogeneous nucleation of 
these blocky magnetite. However, provided the overwhelming evidence of the predominance of the 
lath growth mechanism from the free surface in contact with the gas and preferred direction of 
growth, the observation is readily explained by the different orientations of the grains in the original 
polycrystalline hematite and the progressive growth from grain to grain along these preferred paths 
and orientations. In a random cross section of the material it is to be expected that some of the 
relatively narrow laths would intersect the polished section and appear to be isolated when in fact 
they grow from elsewhere in the 3D structure.  
Origin of Cracks in the Magnetite Product 
In the present study physical cracks are sometimes observed in the magnetite product structures. 
From a practical point of view the formation of cracks are of concern since they can reduce the 
mechanical strength of the product material. In the iron blast furnace this is undesirable since it 
leads to the generation of fines in the upper furnace during descent of the burden and the 
elutriation of fine ore particles from the furnace or reduced bed porosity. In CLC processing 
repeated use of the material due to cycling of the oxygen carrier can lead to progressive physical 
breakdown of the particles and to the extent that they are elutriated from the fluid bed reactors 
rather than recirculating for reuse. Hence, in this case, the need to replenish the oxygen carrier 
material and increase in resultant operating costs.  
There are two principal sources for these cracks, i) those generated during the formation of lath 
magnetite, and ii) those formed during gas pore growth. 
It has been illustrated (Swann and Tighe, 1977, Fig 11b) that cracks are formed in association with 
the lath magnetite product; the cracks are on the (111) magnetite plane originating from the common 
growth plane of the hematite and magnetite close packed oxygen layers. 
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It has also been shown that on reduction of magnetite to iron periodically cracks form in the 
intermediate wustite layer parallel to the growth front of the solid (Matthew et al 1987; Hayes, 2011).  
It was argued that this occurs as a result of compressive stresses created in formation of the product 
layer. The gas pores in the product layer then act in a similar way to a crack in a brittle material 
and stress concentration resulting in high stress concentrations at the tip of the gas pore. This 
process is illustrated schematically in Figure 9.9. This mechanism of crack growth was demonstrated 
physically using a mechanical model of the system. 
 
Figure 9.9. Schematic of crack formation in porous growth (adapted from Matthews, 1987) 
In the present study (see Figs 5.4, 5.6, 5.7, 5.10, 5.11, 5.20, 5.25, 5.31, 5.32, 5.38) there is some 
evidence for the fracture of the product layer in the above mechanism.  
9.1.6 Conditions for lath/porous transitions on reduction  
A summary of the temperatures and gas conditions investigated in the present study was provided 
in Figure 5.45; this figure also identified the associated product morphologies observed on reduction 
of Fe2O3 in CO/CO2 gas mixtures (PCO + PCO2 = 1atm). It is clear that all gas compositions containing 
less than 2%CO only the dense magnetite lath product morphology was observed. At higher 
concentrations of CO the product structure consisted of porous magnetite or, as referred earlier in 
Section 5, a “mixed morphology”. 
Earlier studies (Bradshaw and Matyas (1976), Swann and Tighe (1977)) had indicated the conditions 
for the lath/porous magnetite transition were principally temperature indicating that only lath 
magnetite was formed above 800oC. In papers by Hayes and Grieveson (1981), and Hayes and Bagley 
(1983), it was argued that the influence of gas phase mass transfer to the particle surface was not 
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taken into account in the interpretation of the data, and proposed that the key factor was the 
thermodynamic driving force for reduction; on the basis the formation of porous magnetite is to be 
expected at temperatures greater than 800oC. Et-Tabirou et al., (1988) indicated that the transition 
conditions were dependent on gas, composition temperature and also a function of particle size. The 
present study therefore provides not only an opportunity to test these hypotheses but provide data 
in the range of temperatures and gas compositions relevant to CLC processing. Fig 9.10 provides a 
comparison of the data lath/porous magnetite transition obtained from various researchers presented 
as a function of temperature and oxygen partial pressure in the gas phase.   
The data on the product morphologies formed on reduction of hematite obtained from previous and 
current studies are presented in Figures 9.10 and 9.11 as a function of the oxygen partial pressure 
and reaction temperature. The figure includes the data obtained in CO/CO2  Bradshaw and Matyas 
(1976), Swann and Tighe (1977), Porter and Swann (1977), Hayes and Grieveson (1981)) for the 
CO/CO2 and H2/H2O (Porter and Swann (1977), Bagley and Hayes (1983)) systems. From these 
graphs there appears that the condition for transition between porous magnetite growth and dense 
magnetite lath growth is approximately described by a linear relationship between log oxygen partial 
pressure and 1/T, corresponding closely to that proposed by Hayes and Grieveson, (1981b). This 
relationship appears to hold to temperatures up to approximately 900oC, above this temperature the 
porous magnetite is formed at particle surface but appears to transition into dense magnetite at the 
reaction progresses into the bulk. The transition between mixed and porous above 900oC, 
approximates to the dense/porous transition identified by Et Tabirou et al for large (>500 to 800 µm 
crystals). 
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Figures 9.10 Magnetite product morphologies as a function of the oxygen partial pressure and reaction temperature. 
 
 
 
  
179 
 
 
Figures 9.11 Magnetite product morphologies as a function of the oxygen partial pressure and reaction temperature. 
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Reduction to Porous Magnetite  
In Chapter 6 it was demonstrated that the initial rates of reduction of hematite to porous magnetite 
can be described by rate equations that are 1st order with respect to %CO, In Chapter 5 it was 
illustrated that the initial planar interface of the solid can become unstable on reaction with the gas 
forming gas pores in the product solid. This heterogeneous reaction system then involves a number 
of simultaneous processes mass transfer of reactant and product species in the gas and solid phases, 
and chemical reaction at the gas/solid interface.  
The samples are relatively small in size and when introduced into the preheated hot zone of the 
furnace the surface of the samples reaches the reaction temperature in a fraction of a second. The 
reactions then take place in essentially isothermal conditions. 
The experiments were undertaken under conditions of high linear gas velocities across the particle 
surface; these conditions were specifically chosen to maximise the rates of mass transfer of reactant 
and product gas species to and from the outer surfaces of the particles. Provided the initial planar 
geometry of the reaction surface and the high gas flowrate it is argued that it is unlikely that gas 
phase mass transfer to the particle surface is rate limiting in the initial. Supplementary experiments 
have illustrated that nucleation of the solid magnetite phase takes place rapidly within seconds at 
these temperatures and under the reaction conditions in which porous magnetite is formed. 
The rates of growth of the porous magnetite layer on the hematite surface could be could be 
determined by the rate of the chemical reaction at the tip of the growing pores or gas phase mass 
transfer through the pores in the product layer, both of these scenarios are expected to result in 1st 
order rate equations. 
The chemical reaction rate, R, for the reaction between CO gas and the hematite can be described 
by the reaction 
CO(g) + 3Fe2O3 →   CO2(g) + 2Fe3O4     9.1 
The rate equation might be expected to be of the form 
R = Φco (PCOb - PCOeq)   mol m
-2 s-1 atm-1                       9.5 
Where Φco is the apparent chemical reaction rate constant at a provided temperature, 
PCOb and PCOeq are the CO partial pressures in the bulk gas and at equilibrium with hematite 
respectively.  
From the equilibrium calculations, the COeq, is a very small number compared to the pressure of CO 
in the reactant gas and can therefore be assumed to approach zero. In earlier studies (Hayes, 1979) 
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argued that the apparent rate constant would be a function of the surface roughness of the oxide at 
an atomic scale; taking into account the high undersaturation of the gas relative to that in 
equilibrium with the hematite it is expected that the surface of the oxide would approach the 
condition where all oxygens present at the surface are available for removal. The apparent chemical 
rate constant would therefore approach the maximum value and would be independent of the gas 
conditions.  
The rate equation then reduced to the form  
R = Φco . PCO  mol m
-2 s-1 atm-1   9.6 
In the present study it was only possible to obtain limited data at the different partial pressures and 
temperatures. Further measurements are required to show that the rate is independent of reaction 
time during these initial stages of porous magnetite growth.  
At longer reaction times and larger product thicknesses it has been found that the rate of growth of 
the porous product decreases with time. The growth is described by a parabolic rate law, this 
indicates the overall rate of growth of the magnetite layer is determined by a mass transfer limited 
process directly related to product thickness. As illustrated in Chapter 5 the pore diameters formed 
in the temperatures and gas conditions reported in the present study are in the range 30-100nm; 
these compare to the mean free path of gas molecules at 1 atmosphere total pressure of m. The gas 
pores are not simple rod-like shapes; they are generally dendritic in shape.  
Assuming the flux of CO from the outer surface of the sample to the reaction interface is provided 
by an equation of the form (Fick’s law) 
J = -Deff (PCO - PCOeq)/dx   mol m
-2 s-1 atm-1  9.10 
 
where Deff is the effective diffusion coefficient of gas  through the porous magnetite layer 
thickness, dx. 
In the limit it might be expected that the CO concentration at the pore tip would approach the 
equilibrium with hematite at that temperature, i.e. approaching PCO value of zero. The observation of 
facetted magnetite product growth after long reaction times is an indication that the gas 
composition at the pore tip has lower %CO than in the bulk gas, since it has been illustrated there 
is a transition to dense lath product at low %CO (Chap 5, 9.1.6). The actual partial pressure of CO 
at the pore tip is not measured. If PCO tip does approach zero then the rate would appear to be 1
st 
order with respect to PCO. 
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For the pore sizes observed in the present study it is to be expected that the effective diffusivity, Deff, 
of the gas in the pores are described by the Knudsen diffusion coefficient, DK, and the tortuosity of 
the pores, τ, i.e. Deff, = DK,τ 
J = -Deff . PCO /dx    mol m
-2 s-1 atm-1   9.11 
In the limit the product layer thickness, dx, approaches zero so there would not be a resistance to 
gas transfer in these conditions. At this condition the rate must be limited by the rate of the 
chemical reaction as in equation 9.6 
The apparent activation energy for the reduction process calculated in Chapter 6, assuming a rate 
equation of the form provided in equation 9.6 is 36,500 J mol-1. The apparent activation energy for 
reaction of CO on liquid FeO is -103,900 J mol-1 (Hayes, 1979); for reaction that is chemical reaction 
limited, which might be expected to be the appropriate order for the chemical reaction rate. The 
apparent activation energy for the reduction process would appear to be relatively low. This suggests 
that even for the relatively small product layer thicknesses the system is operating in a regime of 
mixed control by Knudsen diffusion/chemical reaction. It can be noted that the activation energy for 
diffusion of Fe ions in Fe2O3 is approximately 360, 000 J mol-1 (Sabioni, et al, 2005) ruling out 
diffusion as the rate controlling mechanism. 
Reduction to Dense Magnetite  
At high temperatures and low %CO in the reducing gas the conditions for instability formation in 
the solid oxide are not achieved and a dense magnetite product layer is formed. In this situation the 
rate of growth of the magnetite is determined by the diffusive flux through this solid layer. Since the 
diffusion of cations and ions in the solid oxides are significantly lower than in the gas phase the 
rates of growth are correspondingly lower.  
9.2 Oxidation of Magnetite to Hematite 
In chapter 7 the product structures formed following the oxidation in air of dense Fe3O4 at 
temperatures between 800-1100°C were examined using optical microscopy, SEM and Raman 
analytical tools. It was illustrated that the hematite Fe2O3 is formed directly at the gas/magnetite 
interface. 
9.2.1 Nucleation  
The optical micrograph of the particle cross section represented in Figure 9.12a clearly illustrates 
following oxidation at 800oC that, even for reaction times as low as 10s, nucleation of lath Fe2O3 
takes place and the particle surfaces are completely covered by hematite. This rapid propagation of 
the dense hematite across the magnetite grains takes place with minimal change to the shape of the 
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external gas/solid surface. Importantly, it is to be expected that at higher temperatures Fe2O3 
nucleation rates will be faster and surface coverage will be achieved at even shorter times. 
9.2.2 Growth 
The evolution of the microstructure of the oxidised layer with time is depicted in Figures 9.12b and 
9.13. In these samples the original dense synthetic magnetite was oxidized at 1000°C for times of 60s 
and 5 min. respectively. In these figures there appears to be a combination of dense laths and dense 
magnetite growth. The dense laths clearly grow on specific crystal planes, based on earlier 
crystallographic studies [Chap. 2.1.4] these are most likely the (111) planes of magnetite.  
Whilst lath magnetite grows rapidly at the start of the reaction, in some cases penetrating the whole 
thickness of the grains, at longer reaction times transformation by this mechanism does not continue 
to take place since the magnetite layer appears to advance at a more uniform rate. Figures 9.13 and 
9.14, for example, indicate that the lath type transformation not operative once the surface is 
completely covered by hematite, and that further oxidation only takes place through bulk diffusion 
through the dense magnetite layer. The interface between magnetite and hematite phases appears to 
change from the facetted appearance of the laths at short reaction times to planar surface at longer 
times, consistent with an accompanying change from a coherent to an incoherent interface. 
The observations in the present study are consistent with microstructures reported in previous 
research undertaken on the oxidation of magnetite concentrates in air (Mohsen, 1992; Forsmo, 
2007). Mohsen also reported an apparent change oxidation mechanism with extent of oxidation of 
74-100μm natural Sydvaranger magnetite particles, such that, following an initial rapid stage lasting 
approximately 10s at 800oC a long-range diffusion mechanism was predominant.  
Recent experimental studies of magnetite oxidation under cyclic conditions between 750-900oC as 
might be experienced in a CLC reactor (Monazam et al., 2014) also indicated that the reactions were 
best described by a two-stage process. They concluded that “the initial oxidation was controlled by 
nucleation and growth process with a low activation energy of about 4.2 ± 0.45 kJ/mol. The 
conversion corresponding to initial oxidation was increased with increasing temperature, reaching 
∼80% at 900 °C. As the reaction progressed beyond the surface, diffusion through the porous oxide 
layer was said to become the rate-controlling step with an apparent activation energy of 53.6 ± 3.6 
kJ/mol”. 
 
It might reasonably be expected that the kinetics of oxidation of magnetite in air would follow the 
well-established Wagner oxidation theory (Wagner, 1933, Young, 2016) in which the rate is 
determined by solid state diffusion in the dense oxide product layer. In this scenario as the product 
layer increases with reaction time so too does the diffusion distance and the diffusive flux decreases 
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in direct proportion. When the diffusion is homogeneous, that is when grain boundary and short 
circuit diffusion can be neglected, the rate of growth of the oxide thickness is inversely proportional 
to the oxide thickness. The predominant species mechanism iron ions move from the bulk to the 
surface of the oxide is dependent on the defect structure of the product oxide (Kofstad, 1972). Rapp 
(1984) has illustrated that modification of the rate laws can be dependent on the internal structure 
of the product layer, including grain boundaries and physical defect concentration. 
 
The optical micrograph of sample cross sections shown in Fig. 7.12a clearly illustrates that during 
oxidation of magnetite in air between 800-1000oC the principal product morphology is lath hematite. 
The directional growth of the hematite in the samples indicates that this takes place through the 
reversible shear-like mechanism discussed previously (Hayes and Grieveson, 1983b); this results in 
rapid propagation of the dense hematite with minimal change to the external gas/solid surface 
In addition it can be seen from examination of the surfaces of synthetic magnetite samples treated 
for short times that blocky hematite grains nucleate and grow on the pre-existing magnetite grain 
boundaries (see Figs 7.3-7.7) and the boundaries between the hematite shear bands that are freshly 
formed. In the single cycle example at 1000oC the shear bands are 5-10 μm apart and the boundaries 
are decorated with blocky hematite grains 0.5-1 μm diameter. The new hematite nuclei are seen to 
grow out from the surface of the original oxide surface indicating the iron ions are being 
transported out from the bulk oxide to form new oxide. 
 
  
Figure 9.12 Optical micrographs of polished cross-sections of dense synthetic magnetite oxidized in 
air at a) 800°C for 10s, b) 1000°C for 60s.  
Lath Fe2O3 
Dense Fe3O4 
10 µm 10 µm 
Dense Fe3O4 
a b 
Lath Fe2O3 
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Figure 9.13 Optical micrograph of polished cross-sections of dense synthetic magnetite oxidized in air at 
1000°C for 5 minutes.  
Under examination using the SEM, the oxidative growth of Fe2O3 was found to be quite complex 
having different appearance on the surface from the interface. This is once again a significant finding 
as it illustrates that the mechanism of growth at the surface is different to the interface, though this 
could seem like an obvious assumption it has been overlooked in many studies, for example McCarty 
et al (2014) only viewed oxidation at the surface.  
It would be expected that the oxidation of Fe3O4 to Fe2O3 would follow the simple chemical reaction: 
2Fe3O4 + ½O2 → 3Fe2O3      9.12 
However, as discussed in the literature review on the phase equilibria (section 2.4) the elementary 
reactions in the oxidation of magnetite to hematite are likely to be more complex than may be 
expected. This is due to the nature of the stoichiometry of magnetite at high oxygen potentials, i.e., 
high temperature and pure air, whereby in the magnetite structure (section 2.1.2) a deviation occurs 
as an increase in the number of vacant octahedron interstices. Figure 2.11 shows that in the oxidation 
conditions of this study (pure air, 800-1100°C) magnetite can accommodate Fe2O3. Consequently, 
even though the equilibrium conditions are in the Fe2O3 phase boundary (Figure 2.9), in the 
oxidation of Fe3O4 to Fe2O3 new magnetite can form from the bulk diffusion of iron. This effect has 
been demonstrated by Nie et al., (2013) who found the presence of new magnetite with the main 
hematite product on an oxidized magnetite particle reacted at 650°C and 5-9% O2 balanced with N2.  
In this case, Nie et al., (2013) proposed a two-step reaction for the oxidation of Fe2+ → Fe3+. At the 
surface oxygen reacts to create Fe vacancies uniformly over the surface:  
2O2 + 6e
- → Fe3O4 + 3VFe
2-    (surface reaction)   9.13 
The subsequent transformation occurs as the magnetite reacts with the free Fe vacancies internally 
to form hematite: 
Dense Fe3O4 
Lath Fe2O3 
Fe2O3 
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Fe3O4 + VFe
2- → 4Fe2O3 + 2
e- (Fe3O4/Fe2O3 interface reaction) 9.14 
Accordingly in this conversion of Fe3O4 to Fe2O3, oxygen is conserved and Fe vacancies are consumed 
(Nie et al., 2013). The net reaction is therefore: 
9Fe3O4 + 2O2  → 12Fe2O3 + (Fe3O4)surface    9.15 
This net reaction provides a new magnetite mole at the surface for every 9 moles converted.  
Accordingly, in the transformation of Fe3O4 to Fe2O3 oxygen is conserved and Fe vacancies are 
consumed (Nie et al., 2013), following reaction 9.13: 
Fe3O4 + VFe
2- → 4Fe2O3 + 2e
-     9.16 
Consequently, the Fe3O4/Fe2O3 reaction interface where Fe3O4 is converted to Fe2O3 provides vacancy 
sinks for VFe
2- , which is formed according to reaction 9.13. With the release of electrons in form of 
2e- a counter vacancy current is created from the Fe2O3 to the surface. This is accommodated by the 
conductivity of magnetite (Nie, 2013). Consequently, magnetite is oxidized by iron vacancies and not 
oxygen vacancies. This process is illustrated schematically in Figure 9.14 for the growth of dense 
Fe2O3 laths.  
 
 
Figure 9.14 Schematic diagram of oxidation of Fe3O4 (100) surface (Nie et al., 2013).   
 
This model is in part similar to those previously postulated by Bentell and Mathisson (1978) for the 
oxidation of magnetite, and by Hayes and Grieveson (1981) in the reduction of hematite to 
magnetite. The model proposed by Nie et al invokes the bulk diffusion of vacancies for lath growth 
to proceed rather than interfacial diffusion proposed by Hayes and Grieveson. Provided the 
metallographic evidence that illustrates the lath structure penetrates in a matter of seconds across 
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distances of up to 100μm it is unlikely that this growth rate can be supported by bulk diffusion 
mechanism. 
 
What is clear from the available evidence is that the application of a simple shrinking core model 
(Sohn, 2013) is insufficient on its own to describe the oxidation kinetics of individual magnetite 
particles. 
 
 
Figure 9.15 Proposed mechanism of reduction of hematite to magnetite (Hayes, 1981). 
 
9.3.1 Cyclic Reduction and Oxidation  
It has been established in CLC studies of CuO and NiO (Siriwardane et al., 2009; Saha and 
Bharracharya, 2011) that after the first cycle of reduction and re-oxidation, there is an increase in the 
reactivity of the oxygen carrier particles. Based on observations of the particle surfaces after cycling 
they have attributed this change in reactivity to structural modification in the first cycle. There is, 
however, little information in the literature on the structural changes that occur in the hematite 
oxygen carrier material following cyclic CLC treatments and their influence on the reaction kinetics 
and structural integrity.  
 
In the present study the internal structural changes, or the product morphologies, as a result of 
separate reduction, oxidation, and reduction/oxidation cycling have been characterised (Chapters 5, 
7, 8). The cyclic experiments were limited to conditions of reduction (900°C, 25%CO-75%CO2, 30s,) 
and oxidation (900°C, air). SEM examination has revealed that the reduction of Fe2O3 to Fe3O4 can 
result in the development of significant porosity in the product material, which was in contrast to 
oxidation of the Fe3O4 to Fe2O3 where a dense product layer was seen to form at all temperatures of 
800-1100°C. When experiments were undertaken using repeated reduction/oxidation cycles, after 1, 10 
and 100 cycles, further the evolution of the internal structure was observed to occur.  
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9.3.2. Change of Structure After 1 Cycle 
After 1 cycle it was illustrated (see Figure 9.17) that the product structure was remarkably similar to 
the morphology formed in the reduction step under the same reducing conditions (see Fig. 9.16). In 
the reduction stage dendritic gas pore structure was formed. Individual gas pores consist of a 
relatively coarse diameter main stem and fine branches or side pores. The individual pores are not 
connected, and dense magnetite product is formed between the individual instabilities. The main 
effect of subsequent oxidation is seen to be the formation of a thin, dense, Fe2O3 layer on the 
surfaces of the pores in the magnetite product layer.  
 
Figure 9.16. Microstructure following 1 cycle at 900°C, reduced 25%CO-75%CO2, 30s, natural Fe2O3 
crystal, (BSE) 
 
 
Figure 9.17. Microstructure following 1 cycle at 900°C, reduced in 25%CO-75%CO2, gas and oxidized 
in air at 30s intervals, natural Fe2O3 crystal (BSE).  
 
 
 
10 µm 
10 µm 
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9.3.3. Change of Structure After 10 Cycles 
Much more significant changes in structure were observed after 10 cycles. In Figure 9.18.a-c, it can 
be seen (Fig. 9.18a).that there are three different structural zones – the dense magnetite core, the 
dense hematite oxidized layer and the partially-sintered/porous magnetite. The total product layer 
thickness was between 100-130µm. The smooth dense magnetite cores are typically between 10-25µm 
in diameter. The coarse tunnels or “macro-pores” appear to be in the range 2-5µm in diameter 
whilst the blocky, dense Fe2O3 in the oxidized layer appears to cover the surfaces of all the pores and 
is approximately 3µm in thickness.  
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a  
 
     b
  c 
Figure 9.18 a-c. Microstructures following 10 cycles at 900°C, reduced in 25%CO-75%CO2, gas and 
oxidized in air at 30s intervals., natural Fe2O3 crystal. c) Detail of b) highlighting the structural zones 
the dense magnetite core, the dense hematite oxidized layer and the partially-sintered/porous 
magnetite.  
50 µm 
Original dense Fe2O3 
Fe2O3/Fe3O4 product interface  
Outer surface of particle 
20 µm 
Macropores 
5 µm 
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It is clear that the position of the reaction interface has changed from 30-40µm after one cycle, 
however, because of the thickness of the original sample, after a total of 10 cycles, or effectively 10 
minutes of being reduced and re-oxidized, there remains a large amount of unreacted Fe2O3 material. 
After 10 cycles, under the process conditions used in the present study, the particles maintained 
their structural integrity. This could be attributed to a combination of the reduction/oxidation 
morphologies, sintering and the crystallographic relationship between hematite and magnetite, which 
enabled the reversibility of this reaction. Heizmann (1981) suggested a change in the crystal 
structure, such as grain boundary defects, can result from the level of disorientation (disorientation 
meaning any slight deviation from the correlation between the dense packed oxygen planes of 
hematite and magnetite), they found the level of disorientation and consequential change to 
structure increased with the number cycles. The exact effect of disorientation in this study is 
difficult to determine due to the multi-variable processes at play.  
 
9.3.4. Change of Structure After 100 Cycles 
Importantly the changes from 10 to 100 cycles indicate that the reduction reaction has continued to 
proceed so that the remaining dense magnetite zones are progressively consumed. The directional 
micro-pores in the freshly reduced magnetite are replaced by microporous sintered magnetite. The 
mean diameter of the macro-pores has increased and the product structure on a macroscale appears 
more uniform.  
 
The change in structure observed from 10 cycles to 100 cycles highlights the importance of sintering 
in the morphology of the cycled structures. The change in product shape from angular to more 
rounded structures, the increase of the macro-porous size and average grain size can largely be 
attributed to sintering.  The differences in the scale of the microstructures can be clearly seen by 
comparison between the structures after 10 and 100 cycles (Figures 9.20 and  9.21) respectively 
under the same magnification in SEM.   
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a                                                         b 
 
c 
Figure 9.19.a-c. Microstructures following 100 cycles at 900°C, reduced in 25%CO-75%CO2 gas 
oxidized in air at 30s intervals., natural Fe2O3 crystal. a. Progressive pore growth in dense Fe3O4 
zones, micro-porosity in partially sintered magnetite zones apparent boundary/interface defects 
between the oxidized phase and the dense core; b. Detail of a; c. Partially sintered product structure.  
50 µm 
20 µm 10 µm 
Surface of particle 
Dense Fe3O4 core with 
porous tunnel advancing  
Microporous Fe3O4 
Macropores 
surrounding grains  
Boundary/interface defects or 
cracks  
Dense core  
Blocky oxidized 
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Cluster of microporous grains  
Macropores  
Microporous Fe3O4 
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Figure 9.20. 10 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 
30s intervals, natural crystal (SEM). 
 
 
Figure 9.21. 100 cycles at 900°C, alternately reduced in 25%CO-75%CO2 gas and oxidized in air at 
30s intervals, natural crystal (SEM). 
 
As it can be seen the effective grain size after 10 cycles is the order of 2-3 µm compared to 10-20 µm 
after 100 cycles.  As a result of these changes there are counteracting influences. The increased 
reduction of the residual dense magnetite increases the pores surface area available for 
reduction/oxidation, however, the microstructural evidence appears to suggest that instabilities are 
not formed in the reduction cycle on the fine-grained, re-oxidised product layer. This implies that 
once the residual dense magnetite zones have been reduced no further increase in micro-porosity 
occurs. Thereafter further cycles and associated increased residence time at temperature results in 
the sintering of the structure. If sintering involves predominantly surface diffusion this would lead to 
10 µm 
10 µm 
Re-oxidized Fe2O3  
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change in pore shape and some reduction in surface area. If the predominant mechanism of 
sintering is through volume diffusion processes, this will result in densification of the structure. 
 
Whilst an increase in macro-pore size reduces the resistance to gas porous diffusion through the 
product layer, and facilitates more rapid rate of supply of gas deep into the product layer, there may 
be simultaneous loss of surface area and loss of reactivity in the previously reacted volume of 
material.  
 
In a recent test at 1000 cycles using the same starting material resulted in complete disintegration of 
the sample was observed. It would appear then that although sintering of the product material is 
occurring, which might be expected to lead to increased strength of the product, this is not 
sufficient to counter the progressive weakening of the structure.  
 
One explanation for the observation that structural integrity was maintained until full reduction of 
hematite had occurred may be that the presence of the core of unreacted hematite material helped 
to hold together the reduced/oxidised product throughout the cyclic treatments. If this were the case 
this would have implications on the selection and/or design of oxygen carrier materials, and support 
the idea of creating duplex materials having reducible and non-reducible components.   
 
9.3.5 Proposed Micromodels to Describe the Phenomena 
The present experimental study has demonstrated a number of structural changes and rate 
processes that can occur during the reduction/oxidation of oxygen carriers in CLC process. The 
interactions between these factors are complex. Any mathematical micromodels developed to 
describe the process need to take into account the mass transfer and chemical reaction processes 
and changes to geometry during the reaction cycle. Whilst it is beyond the scope of the present 
study to develop a comprehensive micromodel there are some existing models (Szekely, Evans, Sohn, 
1976; Sohn, 2013) that can provide a starting point for development. 
 
For the reduction step of the CLC cycle and for the conditions under which porous magnetite is 
formed on hematite the surface of the particles then the “shrinking core model” is an appropriate 
starting point. This assumes the heterogeneous reaction system to consist of a number of steps as 
illustrated in Figure 9.22. Steps 1, 5 gas phase transfer through the boundary layer or film 
surrounding the solid particle, Steps 2, 4 gas phase transfer through the porous product layer, Step 
3 chemical reaction at the hematite/magnetite interface. 
 
Whilst this micromodel appears to be appropriate for the first cycle of reduction in which the initial 
hematite is a dense solid oxide, in subsequent cycles the particle is effectively porous as the result of 
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prior reduction and oxidation steps. In these cases it is more appropriate to consider the more 
complex “grain model” (Figure 9.23), which takes into account diffusion of gas through the macro-
pores and subsequent reaction at the surfaces of the sub-particles or grains within the structure 
(Szekely, Evans, Sohn, 1976). 
 
 
Figure 9.22. Illustration of the shrinking core mechanism for the conversion of a single particle or 
grain.  
 
 
Figure 9.23. Representation of the grain model for the reaction of porous solid with a gas (Szekely, 
Evans, Sohn, 1976). 
 
To provide a descriptive micromodel of the structural changes observed from 1 cycle to 100 cycles, 
the grain model would need to be modified to take into account the changing grain sizes and micro-
porosity in the particle. Attempts have previously been made to describe mathematically the effects 
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of sintering on the characteristics of the product layer and the overall reaction rate (Szekely, Evans, 
Sohn, 1976). It appears that in the present system the sintering process is more complex than 
envisaged in this earlier description. Individual grains form clusters of grains between these grains 
are micro-pores, between the clusters are macro-pores. The structure is illustrated schematically in 
Figure 9.24. 
 
 
Figure 9.24. Schematic representation of grain size distribution (GSD) model for a partially reacted 
particle: M denotes the macro-pores between clusters, and m represents micro-pores within the 
clusters, between grains (Heesink, 1993). 
 
Analysis of laboratory scale data obtained on cyclic reduction and oxidation  of iron oxide particles 
has been recently reported and empirical models developed to describe the rates of these individual 
steps (Monazam et al., 2014; Breault and Monazam, 2015; Breault et al., 2015). These provide 
empirical measures of the rates which can be used in flowsheet development and optimisation of 
CLC processes. 
 
The complete description of the many phenomena taking place in the cyclic reduction and oxidation 
CLC processes would require a complex and sophisticated micromodel. As has been illustrated in the 
present study the structural changes in the material and the resultant rates of the reduction and 
oxidation have been found to be functions of temperature, time, the gas compositions at each stage 
of the cycle and even the original grain size.  
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9.3.6 Implications for CLC Process 
 
It has been illustrated in the present study of natural hematite the initial reduction step plays a 
major role in establishing the microstructure and properties of this oxygen carrier. The initial 
surface area of magnetite and the subsequent reactivity of the oxide in both reducing and oxidising 
atmospheres is increased by exposure to reduction conditions of low temperature and high CO/CO2 
ratio. These initial reduction conditions do not correspond to the optimum conditions for operation 
of the CLC process since in the fuel reactor the optimum conditions correspond to low CO partial 
pressures and high utilisation of the available fuel. This being the case it is recommended that a pre-
conditioning step, involving the first reduction cycle before the oxygen carrier is used in the CLC 
process, is considered. 
 
It has also been illustrated that the hematite-based oxygen carrier can withstand a number of 
reduction/oxidation cycles before the particle physically degrades. The metallographic evidence 
indicates that as long as a solid core of material is present, to act as a support for the reactive oxide, 
the particles remain intact. The core oxide structure is principally affected during the reduction 
rather than the oxidation cycle. The time and number of cycles taken for the core to be completely 
reacted will depend on the gas composition and reaction temperature. Based on this hypothesis the 
life of the oxygen carrier will depend principally on the conditions present in the CLC fuel cycle; the 
number of cycles increasing with lower bulk gas CO and H2 gas partial pressures and lower 
temperatures of operation. In general increasing the particle size of the oxygen carrier leads to 
increase in lifetime (number of cycles) of the carrier. 
 
The studies also indicate that further studies on the use composite materials, containing components 
that are not reduced during the CLC process, should be undertaken to determine the optimum pre-
treatment of these materials to maximise reactivity and carrier life. Although materials, such as, 
natural ilmenite have been trialled for use in CLC processing (Adanez et al., 2012) there has been 
little research on the microstructural changes that take place during these transformations. 
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Chapter 10 
Summary 
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A series of laboratory studies have been undertaken on initially dense hematite and magnetite single 
crystals using controlled gas compositions and temperatures in the range 800-1100oC. The focus of 
the studies was to provide further information on the microstructural changes taking place during 
the reduction and oxidation cycles of the CLC process. 
In Chapter 5 on the reduction of hematite to magnetite it was illustrated that the product 
morphology depends on the gas compositions and temperatures used. At high %CO in CO/CO2 gas 
mixtures porous magnetite layers are formed with continuous gas pores extending from the outer 
surface of the particles to the Fe2O3/Fe3O4 interface. At low %CO dense lath magnetite is formed, 
which penetrates into the bulk hematite. The transition from the porous to the lath morphology is 
found to depend on gas composition and temperature, and follows the trend previously proposed by 
Hayes et al. 
In Chapter 6 it was illustrated that the initial rate of growth of the porous magnetite layer could be 
described by a 1st order rate equation with respect to %CO in the gas phase. At larger product layer 
thicknesses the rate decreased with increasing product thickness, following a parabolic rate equation. 
It was argued that the initial rate was determined by the rate of the chemical reaction between gas 
and oxide, whereas the rate for larger thicknesses is determined by the rate of diffusion through the 
porous product layer. 
The results of experiments on the oxidation of magnetite in air were described in Chapter 7. It was 
found that the hematite formed solid product layer on the surface of the magnetite. The initial 
structure appeared to be in the form of dense lath hematite. Following coverage of the surface by 
the dense product layer the subsequent growth of hematite appears to be through solid state 
diffusion through the hematite. 
The effect of alternate treatment of the hematite oxygen carrier by reduction and oxidation was 
reported in Chapter 8. It was found that the first reduction treatment is important in establishing 
the microstructure and surface area available for reaction. The observations also indicate that the 
effective life of the hematite oxygen carrier is dependent on reduction gas composition, temperature 
and particle size. 
In conclusion, the study has provided novel insights into the structural changes that occur during 
reduction and oxidation of hematite in conditions typical of those anticipated in CLC processing. The 
results indicate ways in which the properties of solid oxygen carriers and performance of these 
materials in CLC applications could be improved.  
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Chapter 11 
Recommendations for future studies 
 
 
 
 
 
 
 
 
 
  
  
206 
 
The scope of this study can be extended in further studies by:  
 
1. For cycle tests: extend the range of reducing CO-CO2 gas conditions to establish their effect on the 
microstructure of a cycled particle; test further applicable reaction temperatures (in both reducing 
and oxidizing conditions); as well as the number of cycles. Including the reducing gas mixture of H2-
H2O would also be useful in providing further information on the initial reduction experiments and 
cycle experiments in these gas systems.   
2. Based on the findings of 1, test a range of particle sizes to determine the optimal size based on the 
morphology and elementary processes that determine the morphology 
3. Continue the kinetics studies by thermogravimetric tests, and also apply these to the automated 
cycle tests 
4. Replicate the study for other mineral oxide systems considered for chemical looping combustion.  
 
It is anticipated that these recommendations would provide more insight into hematite cycled 
particles, as well as a very broad range of different metal oxide systems that can be used in chemical 
looping combustion.   
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